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ABSTRACT

Basi ¢ design guidance is presented for use by experienced architects and
engi neers. The contents cover 400-Hertz (Hz) electrical design

consi derations, such as the estimates of |oads and requirenments for the
installation and sel ection of frequency conversion and electric distribution
systens with a special regard to the use of centralized conversion equi pnent
utilizing nediumvoltage distribution.
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FOREWORD

Thi s handbook is one of a series devel oped froman evaluation of facilities in
the shore establishnent, from surveys of the availability of new materials and
construction methods, and from sel ection of the best design practices of the
Naval Facilities Engi neering Command ( NAVFACENGCOM), ot her Governnent

agenci es, and the private sector. This handbook uses, to the naxi mum extent
feasible, national professional society, association, and institute standards

i n accordance with NAVFACENGCOM policy. Deviations fromthese criteria should
not be made without prior approval of NAVFACENGCOM Headquarters (Code 04).

Desi gn cannot remmin static any nore than the naval functions it serves or the
technol ogies it uses. Accordingly, reconmendations for inprovenent are
encouraged fromw thin the Navy and fromthe private sector and shoul d be
furni shed to Commandi ng Officer, Southern Division, Naval Facilities

Engi neeri ng Command ( SOUTHNAVFACENGCOM), Code 04A3, P.O. Box 10068,

Charl eston, SC 29411-0068; tel ephone (803) 743-0458.

THI S HANDBOOK SHALL NOT BE USED AS A REFERENCE DOCUMENT FOR PROCUREMENT OF
FACI LI TIES CONSTRUCTION. I T IS TO BE USED I N THE PURCHASE OF FACI LI TIES
ENG NEERI NG STUDI ES AND DESI GN ( FI NAL PLANS, SPECI FI CATI ONS, AND COST

ESTI MATES). DO NOT REFERENCE I T IN M LI TARY OR FEDERAL SPECI FI CATI ONS OR
OTHER PROCUREMENT DOCUMENTS.
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Section 1: | NTRODUCTI ON

1.1 Scope. This handbook presents information necessary for the proper
design of the 400-Hertz (Hz) conversion, distribution, and utilization systens
that supply power to aircraft and avionic support equiprment for aerospace

el ectrical subsystems. Special regard is paid to systens utilizing

medi um vol t age di stribution.

1.2 Cancel lation. This nilitary handbook, M L-HDBK-1004/5, cancels and
super sedes NAVFAC DM 4. 05, 400-Hertz Medi um Vol tage Conversi on/ Di stribution
and Low Voltage Uilization Systens, dated 30 March 1987.

1.3 Policy. It is Naval Facilities Engineering Command ( NAVFACENGCOMV)
policy to provide our custonmers with reliable, maintainable, energy efficient
400-Hertz Systenms for selected mission essential equipment. Solid state
systens are preferred to reduce utility and mai ntenance costs.
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Section 2: GENERAL CONSI DERATI ONS

2.1 Usage. Aerospace el ectrical equi pnent generally operates at an

i nput of 400 Hz. Electrical power is supplied by aircraft generators, which
normal ly receive their energy fromthe aircraft engi nes. Three-phase aircraft
generators deliver 3,000 to 4,000 RPM dependi ng upon engi ne speed, which is
synt hesi zed i nto 400-Hz output voltage for distribution to aircraft equipnent.
Large aircraft may have several hundred electric notors, and the use of 400 Hz
provi des a consi derabl e wei ght saving. Three-phase, 400 Hz, open-franme units
(1 to 15 horsepower in size, with speeds of 12,000 to 24,000 revol utions per

m nute) devel oped for aircraft have wei ghts averagi ng 2 pounds per horsepower
(0.9 kil ograms per horsepower). An open, dripproof, 60 Hz, 1,800

revol utions-per-mnute unit of one horsepower wei ghs about 40 pounds (18

kil ograms). For an expanded description of aerospace electric subsystens, see
Fi nk and Beaty, Standard Handbook for Electrical Engineers (Section 23).

2.2 Types of Systens. Systens supplying 400 Hz for ground-power
operations use frequency conversion equi pnent to change 60-Hz i nput to 400-Hz
output. Rotary converters (notor generator sets) or solid state converters
are used for this purpose. Fixed service point units to which avionics

equi prent and aircraft are connected are supplied fromeither nearby frequency
conversion assenblies over a |l owvoltage feeder systemor froma nore renotely
| ocated 400-Hz central plant using nmediumvoltage feeders.

2.2.1 Rotary Converters. Rotary converters or notor generator (M3 sets
are used for both | ow and nmedi um vol tage systens. These units are usually
limted to installation in industrial locations due to the high level of noise
produced.

2.2.2 Solid State Converters. Solid state converters are used only for

| ow-vol tage systens. The noi se | evels produced by these units as conpared to
M5 sets are substantially less. The industry trend is to replace rotary
machi nery with solid state converters.

2.3 Distribution Systens. Fixed service point units to which avionics
equi prent and aircraft are connected are supplied fromeither nearby frequency
conversion assenblies over a | owvoltage feeder systemor froma nore renotely
| ocated 400-Hz central plant using nmediumvoltage feeders.

2.3.1 Low Vol t age Systens. Generally |ow voltage systens distribute

vol tages | ess than 600 volts. Because the reactance of an electric systemis
greater at 400 Hz than at 60 Hz, attention nust be given to both circuit

| ength and conductor size to mmintain acceptable voltage regulation
Consequently, when |oads and distribution distances increase, |owvoltage
systens require use of excessive feeder sizes and installation of numerous

| ocal frequency conversion assenblies. Wen nunerous |ocal frequency
conversion assenblies are used, the reliability of the systemis increased. A
typical, 400 Hz | owvoltage systemis shown on Figures la and 1b. Detail ed
requi renments are provided in Appendix B
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2.3.2 Medi um Vol t age System  The devel opnent of a medi um vol t age system
whi ch distributes three-phase, 400-Hz electric power at 4,160 volts can
provide a nore econom cal system A typical, 400-Hz nmedi umvoltage systemis
shown on Figure 1. Detailed requirenments are provided in Appendi x A.

2.3.3 Flight-line Electrical Distribution Set (FLEDS). A FLEDS system nay
be used in conjunction with the | ow voltage or nediumvoltage system The
conponents of an individual FLED set are shown in Figure 1c. A FLED system
consi sts of a number of FLED sets which distribute 200Y/ 115 volts at 400 Hz to
a maxi mum of two aircraft per FLED set. Normally the FLED systemis procured
and installed by NAVAIR, therefore, certain design characteristics to support
the FLED system nust be obtained from NAVAIR  Exanpl es of a typical FLED
system are shown in Figure 1d.

2.4 Surveys. Before replacing existing |ocal |owvoltage systens with a
central mediumvoltage system make prelinminary surveys to ensure the cost

ef fecti veness of the replacenent. GCenerally, consider only naval and Marine
Corps facilities having existing 400-Hz requirements of 500 kil ovol tanperes
(kVA) or nmore for replacement with central mediumvoltage systens.

2.4.1 Ener gy Conservation. Full |oad efficiency of the notor-generator
set portion of frequency conversion assenblies ranges from 73 to 88 percent,
dependi ng on the size of the sets and the type of nmotor drive (induction or
synchronous). The use of many sets, operating underl oaded, |owers
efficiencies, increases energy usage and cost, and probably increases

mai nt enance and shortens operating life.

2.4.2 Econom ¢ Studies. Wen prelinmnary surveys and studies indicate
that a central system nay be economically feasible, a conplete life-cycle cost
anal ysis may be necessary. Make field nmeasurenents of the actual demand | oads
on each existing | owvoltage 400-Hz system Determ ne power requirenents,
characteristics, and | ocations of all existing utilization equipnment and
service points. The using agency shall advise of any changes in |oad

requi rements contenplated to serve anticipated m ssion changes so that this

i nformati on may be included in determ ning the capacity required for a centra
system

2.5 Types of Loads. Various types of |oads on naval stations and Marine
Cor ps bases require 400-Hz electric-power input. The power factor of these
| oads varies from0.8 to 1.0.

2.5.1 Aircraft. The nunber of each type of aircraft serviced at nava
stations and Marine Corps bases determ ne the total demand. For conputation
of 400-Hz aircraft |oads, use the maximum |l oad in Table 1 with a demand factor
applied to the total |oad as given in Table 2.
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Table 1
400-Hz Aircraft Loads
Aircraft Load Type Maxi mum kVA

A-4E 2.7
A- 6E 12.2
E-2C 86.2 **
E- 6A 400
F-4J 23.5
F- 14A 17.3
F- 18 18.5
P-3C 70.8
S-3A 33.9
EA- 6B 17

HH 3D 16.5
SH- 60B 15.5
SH- 60F 15.5
EGC- 130 42.3
C/ M+ 53E 16

* four service cables required
** two service cables required

Table 2

Syst em Demand Factors

Nunber of Aircraft Demand Factor Percent

1 100

2 90

3 83

4 77

5 71

6 66
7to9 61
10 to 12 50
13 to 15 45
16 to 21 40
22 to 40 31
41 to 60 28
Over 60 25
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2.5.2 Avionics. In addition to aircraft, other |oads such as repair shops
for electronic equi pment, require 400-Hz el ectric power for maintenance and
testing. Load requirenent shall be provided by the using agency in such
cases.

2.5.3 O her Facilities. Research, devel opnent, training,and other types
of facilities may require 400-Hz distribution systens. |[|f the using agency
cannot provide | oad requirenments, conpute such |oads on a watts per square
foot (square neter) basis when firmloads are not avail able (see M L-HDBK-
1004/ 1, Electrical Engineering, Prelimnary Design Considerations).

2.5.4 Speci al Requirenents. Facilities indicated in paragraphs 2.5.2 and
2.5.3 have nore stringent 600-Hz power requirenents than the Fixed Point
[

F

Ut ity System (FPUS) provides. Prior to supplying these facilities from
PUS, verify that equipnment installed will not be damaged by FPUS power
tol erances. Use |ocal converters for these systens.

2.6 Consi derati on of System Voltage Paraneters. The inductive
contribution to the reactance voltage drop of 400-Hz systens is roughly seven
times greater than that of 60-Hz systems, which necessitates certain

nodi fications to conventional distribution and utilization systemdesign to
conpensate for the increased voltage drop. Specifications for linmting

vol tage drop are covered in |later sections, but the follow ng requirenents
apply generally to 400-Hz systens.

2.6.1 Devel opment of CGuidelines for Paraneters. Voltage drop is always a
concern in the design of 60-Hz systens. G ve even closer attention to voltage
paranmeters in the design of 400-Hz systens because the voltage drop is much

| arger. When designing 400 Hz systens, take into account the effects of
varying cable | engths and connected | oads.

2.6.2 Itens Affecting Design. The designer nmust consider maxi mum | oads
and applicable cable-length [imtations. Based on acceptable end-voltage
requi rements, determni ne maxi num al | owabl e cabl e and equi pnent i npedances.

Met hods to be used for conpensation or elimnation of inpedance are inportant
al so. Overconpensation of voltage drop can be as bad as under conpensation
The voltage range which provi des satisfactory aircraft power is the key

el ement to an acceptable 400-Hz distribution system

2.6.2.1 Accept abl e End- Vol t age Requirenments. The voltage range of 108 volts
mnimmto 118 volts maxi mum specified in ML-STD 704, Aircraft Electric Power
Characteristics, is the operating voltage range of the equi pnment inside the
aircraft. This operating voltage range takes into account a 0- to 5-volt drop
in the electrical distribution systeminside the aircraft. Accordingly, the
full-load and no-load voltage at the interface (aircraft connection input

poi nt) shoul d never drop below 113 volts nor rise higher than 118 volts.

These paraneters also apply to the input to the FLEDS system

10
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2.6.2.2 Equi pnrent and Cabl e Paranmeters. Rotary equi pment and cabl e
paranmeters for use by the designer are given in Tables 3, 4, and 5. Sone
paranmeters directly affect voltage drop; other parameters are provided for

i nformati on only. Equi pnent and cabl e descriptions correspond to those shown
on Figure 1. These values are used to deternmi ne the maxi num cable | engths (e.
g., nediumvoltage feeders and | owvoltage service circuits and aircraft cable
connections), plus the perm ssible nunmber of unit |oads per feeder cable.

Equi prent providing | ower voltage-drop paraneters is acceptable.

2.6.2.3 Unit Loads. The unit-load basis used herein for voltage-drop
cal cul ations is individual 100-anpere, 0.8-power-factor |oads. Two 100-anpere
unit | oads can be supplied by a 75-kVA utilization service center

2.6.3 Maxi mum Cabl e Length and Loads. To determ ne maxi mum cable | ength
and | oads and the effects of other system paraneters, various conditions were
anal yzed. The analysis is included in Appendix A Table 6 shows the naximum
nunber of unit |oads that can be connected to a nmedi umvoltage feeder and neet
m ni mum vol tage levels at the utilization service assenbly.

2.6.3.1 Al | owabl e Medi um Vol tage Distribution Level. Provide the
medi um vol tage distribution level of 4,160 volts. Commercial airports are
usi ng 400-Hz systens with voltages up to 2,400 volts. However, in these cases
the feeder lengths (or distances) are nmuch shorter than the feeder |engths on
the systens used by the naval and Marine Corps Stations. The 2,400-volt
system provi des no appreci abl e cost savings although it requires a reduction
of the maxi mum feeder length to one-third of that acceptable on a 4, 160-volt
system whi ch serves the same load. |f feeder |engths are not reduced, then
the 2,400-volt systemis capable of serving only one-third of the |oad that
can be fed by a 4,160-volt system

2.6.3.2 Maxi mum Cabl e Lengths. Normally, do not exceed cable | ength val ues
given in Table 7 for mediumvoltage cables and in Table 8 for | owvoltage
cables. The reason that only four unit |loads were pernitted in Table 7 is
that the effects of the | owvoltage cables were considered. This was not the
case in Table 6. The use of four |oads maxi mum neans that the steady-state

| oad plus the step-load can never exceed 400 anperes as shown in the step-I|oad
capability col ums.

2.6.3.3 Exceeding Limting Cable Lengths. Justify exceeding the nornal
cable length Iimts only as foll ows:

a) \Wen the lintation requires another central plant, the
15, 000-f oot feeder cable length may be increased by 10 percent. |ncreases over
5 percent nust be approved by the Naval Facilities Engineering Conmrand
( NAVFACENGCOM) .

b) Due to special site conditions, the aircraft cable | ength at

such sites may be increased to 70 feet in length, only if approved by
NAVFACENGCOM

11
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2.6.3.4 Rati onal e of Maxi mum Cabl e Lengths. The essential factor in
determ ni ng acceptable cable lengths is the 113-volt linmitation at the
aircraft interface point. Meet this limtation in the follow ng manner:

a) Pernit a steady-state voltage droop to 3,918 volts on the
4,160-volt end of the nediumvoltage distribution system Droop is defined as
t he absol ute change in voltage between the steady-state no-load condition and
the steady-state full-load condition. This equates to 113 volts on the
| ow-vol tage distribution systemor 0.942 per unit volts (using base voltages
of 4,160 volts and 120 volts) at the terminals of the utilization service
assenbl y.

b) Make up for the | owvoltage system droop by conpensating for the
| ow-vol t age system s reactance

Tabl e 3
Frequency Conversion Assenbly Paraneters

1. Synchronous Units with Revolving Fields

Mbt or Gener at or
Power Fact or 1.0 0.8
Vol t age 460 volts 575 volts
Frequency 60 hertz 400 hertz
Full | oad
Synchronous Unit Current 420 anperes 314 amperes
Field current 8. 86 amperes 26. 7 anperes
Current to bridge air gap 3.9 amperes 17.01 anperes
No Load
Field current 3.8 amperes 14. 435 anperes
Current to bridge air gap 3.6 amperes 14. 03 anperes
Nunber of poles 6 40
Full load rating 400 hor sepower 312 kVA
Synchr onous speed 1,200 rpm 1,200 rpm

2. Transformer

Rat i ng 312 kVA

Vol t age 575 to 4,160 volts
Resi st ance 1 percent
React ance 5 percent
Current base 313.3 to 43.3 anmperes

12
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Tabl e 4
Utilization Service Assenbly Paraneters

1. Transforner

Rat i ng 75 kVA

Vol t age 4,160 to 208Y/ 120 volts
Resi st ance 1 percent
React ance 5.9 percent
Current base 10.4 to 208 anperes

Rat i ng 90 kVA Rat i ng 75 kVA
Vol t age 208Y/ 120 volts Vol t age 208Y/ 120 volts
Conpensati on Conpensati on

5 percent -j . 024 ohns 6 percent -j . 034 ohns
6 percent -j . 029 ohns 8 percent -j . 046 ohns
7 percent -j . 034 ohns 10 percent -j . 058 ohns
8 percent -j . 039 ohns 12 percent -j . 069 ohns
9 percent -j . 042 ohns 14 percent -j . 081 ohns
12 percent -j . 058 ohns 16 percent -j . 092 ohns
14 percent -j . 067 ohns

16 percent -j. 077 ohns

18 percent -j . 086 ohns

20 percent -j . 096 ohns

3. Passive-Elenent Filter

Resi st ance 0.6 ohms
React ance 2.3 mllihenries
Capaci t ance 68 mi crof ar ads

13
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Tabl e

5

Cabl e Paraneters

Medi um Vol t age Feeder Cabl e

No. 2 AWG

Si ze

Conduct ors
Vol tage ratin
I nsul ation Ty

g
pe

one 3-

5 kV at a 100 percent

EPR or

Cabl e assenbly inpedance val ues per

Resi st ance
| nduct ance
Capaci t ance

0.098
101 m

0. 1142 m crofarads

conduct or

XLP
1, 000 feet:
ohns
crohenries

i nsul ati on | eve

4/ 0 AWG

Si ze

Conduct ors
Vol tage ratin
I nsul ation Ty

g
pe

one 3-

conduct or

600 volts

XHHW

Cabl e assenbly inpedance val ues per

Resi st ance
| nduct ance
Capaci t ance

0. 085

1, 000 feet:
ohns

70.8 m crohenries

0. 0962 m crof ar ads

Table 6
Maxi mum Unit Loads on Feeders (1)
Cabl e Length Bus 3 Nunmber of No- Load
Feet Per-Unit Volts (2) Unit Loads Volts 1-n
15, 000 0.9917 One 119
0.9834 Two 118
0. 9751 Three 117
0. 9668 Four 116
0. 9585 Five 115
0. 9502 Si x 114
0. 942 Seven 113 (3)
10, 000 0. 9945 One 119.3
0. 9890 Two 118. 7
0. 9835 Three 118.0
0.9780 Four 117. 4
0. 9725 Five 116. 7
0. 9670 Si x 116.0
0.9610 Seven 115.3

14
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Tabl e 6 (Conti nued)
Maxi mum Unit Loads on Feeders (1)

Cabl e Length Bus 3 Nunmber of No- Load
Feet Per-Unit Volts (2) Unit Loads Volts 1-n

0. 9560 Ei ght 114. 7

0. 9505 Ni ne 114.0

0. 9450 Ten 113. 4

5, 000 0.9973 One 119.6

0.9919 Three 119.0

0. 9865 Five 118. 4

0.9811 Seven 117.7

0. 9757 Ni ne 117.1

0.9703 El even 116. 4

(1) Voltage regul ated on the high-voltage side (4,160 volts) of the frequency
conversion transformer assenbly.

(2) The utilization service center transforner per-unit base is 208/ 120
volts. See Appendix A for detail ed anal ysis of the system

(3) The underlined rows denote the nmaxi mum nunber of unit | oad wherein
vol t age does not drop below 113 volts.

Table 7
Maxi mum 400- Hertz Medi um Vol t age Cabl e/ Lengt hs and Loads
I ndi vi dual Step Load Capability
Feeder Cabl e 100- Anper e, at 0.8 Power Factor
Length 0. 8- Power - Fact or, Steady State Step Load
Feet Steady State Load Addi tion
Unit Loads Amper es Amper es
0 400
100 300
15, 000 4 200 200
300 100
400 0
Tabl e 8
Maxi mum 400- Hertz Low Vol t age Cabl e Lengths (1)
Service Cable Length Feet Aircraft Cable Length Feet
250 60

(1) Based on a 100-anpere, O0.8-power-factor unit | oad.
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Section 3: DESI GN REQUI REMENTS

3.1 Desi gn Procedures. Prelimnary design procedures for 400-Hz systens
are the same as those for 60-Hz systens (loads, distances, etc.) so that the
system design will neet project requirenments.

3.1.1 Data Gathering. Determine the follow ng data regardl ess of whether
an entirely new installation is being designed or an existing facility is
bei ng changed or upgraded. While a new facility allows nore leeway in the
desi gn approach, the available | oad data ordinarily will not be as precise.
Gat her or design concurrently with the 400-Hz systemthe foll owi ng data:

a) Facility electrical site plans with locations of all aircraft
service points.

b) Facility electrical building plans having 400-Hz | oads or used
to house 400-Hz equi prent .

c) Determnation of all 400-Hz | oad specifications including both
requi rements for new | oads and replacement or reuse of any existing 400-Hz
| ow-vol t age conversion distribution system

d) Data on the proposed or installed 60-Hz primary distribution
system

3.1.2 System Layout. Fromthe above data, develop a system | ayout which
| ocates possible distribution line choices and pinpoints | oad connection
poi nt s.

3.1.3 Equi prent Layout. After the devel opnent of the system | ayout, make
equi prent | ocations based on the design aspects delineated in the follow ng
par agr aphs.

3.1. 4 Desi gn Aspects. The 400-Hz system consists of the foll owi ng najor
el enent s:

a) The central power plant.

b) The nmedi um voltage distribution system

c) The lowvoltage utilization system
The foll owi ng considerations apply to the entire 400-Hz system design
3.1.4.1 Protective Device Operation. Always consider the thermal and

magneti c characteristics for 400-Hz circuit protective devices. Operation at
400 Hz causes nore heat rise in current-carrying parts than does operation at

16
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60 Hz. There is also decreased el ectromagnetic pull on magnetic-trip
el ements. Because all current ratings of devices are affected to different
degrees, consider applicable derating factors during design phase.

Check with the appropriate manufacturers to deternine ratings
appropriate to the equipnment. Also, specially calibrate thermal and magnetic
characteristics of protective devices for use on 400-Hz systens.

3.1.4.2 Surge Arresters. Provide Surge arresters for 60-Hz system
protecti on where necessary (see M L-HDBK-1004/2, Power Distribution Systens).
In general, the only exposed lines will be those of the 60-Hz distribution
system Therefore, provide 400-Hz protection only for devices whose

i nsul ation capability is below that provided by the 60-Hz surge protection
which will normally protect the nediumvoltage 400-Hz devices. Varistors
avail able for use with the | ow voltage 400-Hz systemcan limt surges to about
1.7 times the peak voltage; provide where required. The using agency wil |l
furnish details of any equi pment requiring other than varistor protection

For 400-Hz el ectroni c equi pment sensitive to voltage spikes as lowas 1.5
times the nom nal voltage, zener-type suppressors (silicon-aval anche di odes)
can limt the voltage to 1.38 per unit. Provide these zener-type suppressors
normal Iy on the equi pnent term nals.

3.1.4.3 Bus and Cable Material. Because of its |ower resistance, use
copper, except where such use is clearly inpracticable. Fully justify the use
of anything other than copper in the design analysis (see Section 4).

3.1.4.4 Conduit. The presence of magnetic materials in the vicinity of

el ectric conductors increases the flux density thereby increasing resistance
and inductance. Therefore, use nonmagnetic materials, such as al um num or
plastic, for all raceways. Use nonmagnetic materials, such as al um num
bronze, or plastic, as appropriate, for cable term nations, cable clanps, and
ot her equi prent .

3.2 Medi um Vol t age Distribution System Design. Because the 15, 000-f oot
maxi mum f eeder |l ength dictates the nunber and | ocation of acceptable centra
plant sites, nake the layout of the nediumvoltage feeder lines first.

3.2.1 Type of Distribution. Generally, use raceway systens for

di stribution of 400-Hz circuits. Bare, aerial 400-Hz systens are precluded
because of the excessive inductance of such circuits. Overhead distribution
systens using preassenbl ed, nmessenger-supported, insulated cable are
acceptable in areas where lightning storms are few and where aircraft
clearance criteria do not apply. |In areas where protection against

[ i ghtni ng-induced surges is required, use surge arresters specifically
designed for use at 400 Hz for protection of underground-to-aerial risers.
The use of 60-Hz arresters is ineffective and hazardous because of the
capacitive elements of arresters. The change in frequency changes the
capaci tance and, therefore, disturbs the even-voltage gradi ents which prevent
premat ure sparkover

17
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3.2.2 Practicable Distribution Area. Considering the 15,000-foot [imt on
the I ength of a mediumvoltage feeder and the inpracticality of straight-path
feeder installations, the central plant service area is likely to be Iimted
to a 2.5-nle radius. Therefore, site configurations pernmitting one centra

pl ant should serve an area up to 5 miles in dianeter (see Figure 2).

HANGAR
X DENOTES HANGAR NUNBER

CONNECTED 400-KERTZ REQUIREMENT
AT HANGAR
Y DENDTES LOAD In XVA

4,160-YOLT, 400-HERTZ FEEDER
1 DENOTES FEEDER -NUMBER

Figure 2
Exanmpl e of Central Plant/Hangar Site Pl an

3.2.3 Shunt Reactor Capacity. |Install shunt reactors on each
medi um vol t age feeder to bal ance the capacitance of that feeder. Size the
reactor so that the no-load power factor of each nediumvoltage feeder, and
thus the system is close to unity. The noninal kil ovoltanpere reactive
(kvar) rating of each reactor nmust be greater than its feeder cable's
capacitive kvar to provide a |agging power factor, but it should not be nore
than 10 kvar as seen by the overall system |Indicate nonmi nal ratings based on
t he maxi mum al | owabl e specified capacitance of each nmedi um voltage feeder
Install shunt reactors on each medi umvoltage feeder as indicated on Figure 1
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3.2.3.1 Field Adjustment. Adjust the nominal indicated rating of the shunt
reactor to suit the actual capacitance of the cable provided. Make field
nmeasur ement of the actual capacitance after the cable is installed, and the
correct shunt reactor tap can be chosen to the closest unity power factor
setting.

3.2.3.2 Nom nal Rating Sizing. An exanple of nominal shunt reactor sizing
follows. |If the nomnal rating calculated is | ess than 10 kvar for a feeder
the shunt reactor may not be necessary to decrease voltage drop. However, its
installation provides for capacitive di scharge which increases operator
safety.

System vol tage (V.-S-) = 4,160 volts
Feeder Length =1 nile

Maxi mum capaci t ance al | owed
Capacitive reactance (X.C-)

0.603 microfarads per mle
-] 660 ohns at 400 hertz

Nom nal rating = V.S- squared = (4,160) squared = 26.2
1, 000X.C- 1, 000 (660)

Requi red nomi nal rating = 26.2 kvars

3.3 Central Plant Design. A central plant is the point where the

station's nmediumvoltage distribution system60-Hz (in rare cases 50-Hz) input
is converted to 400-Hz power for distribution by a 400-Hz feeder distribution
center to the station's mediumvoltage distribution system A typical 400-Hz

central plant is shown on Figure 3. Normally, the plant will be an unmanned
facility.

3.3.1 Reliability. The continuous operation of the central 400-Hz
medi um vol tage systemis extrenely critical. Standby conponents are required

at the central plant to ensure no major |oss of 400-Hz el ectric power.

3.3.2 System 60-Hertz | nput Power. The design of the 60-Hz input system
is covered in this handbook only to the extent of providing necessary 400-Hz
systemreliability. For this reliability, two primary inputs fromdifferent
feeders or electric sources of 60-Hz electric power are required at the
central plant.

3.3.2.1 Pri mary Feeder Source. Generally, provide a prinme and an alternate
feeder fromthe installation's 60-Hz primary (medi umvoltage) distribution
system An area having a 400-Hz | oad | arge enough to require a centra
medi um vol tage systemis an area with a | oad density which is both |arge and
sufficiently inportant enough to require nore than one 60-Hz primary

di stribution feeder.

3.3.2.2 Di esel - Engi ne Generator Source. Provide an energency diesel -engi ne
generator system (see M L-HDBK-1004/4, Electrical Uilization Systens) as the
alternative source where provision for an alternative feeder is nore costly
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than a standby power system Provide diesel-engine generator capacity of at

| east 80 percent of the frequency conversion plant's firmcapacity. Frequency
conversion plant firmcapacity is the sumof the rated capacities of al
frequency conversion assenblies, with the largest unit not operating. Were
required by the activity, provide 100-percent diesel-engi ne generator
capacity. Provide diesel-engine generator sets with both manual and automatic
transfer nodes which start automatically on |oss of normal power. Were nore
t han one di esel -engi ne generator set is provided, provide units capabl e of
being automatically paralleled. Provide switches to permt testing of

di esel -engi ne generators wi thout assuming |load. The nost econonica

di esel -engi ne generator voltage is generally the input voltage to the
frequency conversi on assenbly.

3.3.2.3 Transformer. Because the frequency conversion assenblies are

| ow-vol tage i nput devices, transformers are necessary to stepdown primary
power. No facility should depend on only one transforner, since this can
result in a conplete shutdown of the 400-Hz system Require duality of
transformers. Each transformer's rating shall be not |ess than 80 percent of
the frequency conversion plant's firmcapacity. Wen transformers of the

out door substation type (see ML-HDBK-1004/2) are installed adjacent to the
central plant as shown on Figure 3, they can be used to supply the centra
plant's 60-Hz | owvoltage sw tchboard (see M L-HDBK-1004/3, Sw tchgear and
Rel ayi ng) as shown on Figure 4.

3.3.3 System 400- Hertz Conversion Capacity. Firmpower is power which is
avai | abl e even under enmergency conditions. Deternmine the firmfrequency
conversion capacity of the central plant by the |oads served and a 15- to
20-percent additional capacity for future loads. Provide one extra unit for
standby (i.e., enmergency use). |If the requirement for the standby unit and
for future capacity necessitates nore units than for the present load with
mai nt enance backup, incremental construction may be desirable. Such planning
is acceptable as long as future space and capacity provisions for ancillary
devices are covered fully in the first-design stage.

3.3.4 Frequency Conversion Assenblies. Ratings as shown in Table 3

provi de satisfactory operation. When frequency conversion assenbly
performance is conbined with a properly designed distribution and utilization
system it provides 400-Hz power to aircraft |loads. This neets the

requi rements of ML-STD-704. Figure 5 shows a typical frequency conversion
assenbl y.

3.3.4.1 Mot or Generator Units. Use standard units manufactured to support
both mlitary and comercial airports.

a) CQutput voltage. The nost preferable output voltage is that of
the distribution systemor 4,160 volts; however, this equipnment is not yet
commercially available. Normally, specify a 575-volt notor generator output,
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Single Line Diagram of a 60-Hz Low-Voltage Switchboard
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except when the system can reuse existing notor-generator sets that neet, or
can be adapted to neet, criteria. In such cases use new notor-generator sets
whi ch match the output voltage of the existing sets.

b) Unit capacity. Nornmally, provide 312-kVA generators (the
| argest capacity now being produced as a standard by nore than one
manuf acturer), since this size is usually the npbst econom cal and has the
maxi mum full | oad efficiency (see Table 9). Use other unit capacities when
adequately justified.

c) \Vertical shaft construction. Vertical-shaft construction
m ni m zes fl oor space requirements. A 312-kVA vertical notor-generator set,
wei ghi ng as much as 6 tons (5500 kil ograns), is approximately 4 feet (1.2
nmeters) square by 6.5 feet (1.98 neters) high. The sane size horizontal unit
can require a 6-foot (1.8 nmeters) by 7-foot (2.1 neters) floor space and can
be al nbst as high. These areas and | oads do not include the rest of the
assenbly requirements. Provide a clear space of at least 3 feet (0.9 neter)
above the notor generator to allow for maintenance of the vertical unit.

Table 9
Typi cal Full-Load Efficiencies
I nput Qut put
Ef fici ency
Hor sepower (1) Per cent
kVA kW
400 312 250 88
300 250 200 87
250 219 175 86
250 187 150 85
200 156 125 83
150 125 100 80
100 93.8 75 78
100 75 60 76
75 62.5 50 75

(1) Nearest standard size. Actual input horsepower may vary, depending
upon the individual manufacturer

3.3.4.2 O her Conponents. Figure 5 shows the other conponents that are
provided as a part of a packaged frequency conversion unit. This ensures that
units are factory designed to neet perfornance requirenents.

a) Voltage step-up. WMatch the kVA of the | owto-nmedi umvoltage
step-up transformer specifically to the generator capacity. Provide voltage
sensi ng devices on the transformer output to regulate the voltage of the
not or - generator set. This regul ation ensures that the voltage |evel at the
medi um vol t age bus of the 400-Hz feeder distribution center remains constant
under any steady-state |oad condition
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b) CQutput disconnect. Use a vacuum contactor to di sconnect the
output of the unit rather than a circuit breaker, because the contactor is
both smaller and less costly. In addition to overload and short-circuit
protection, a contactor can provi de overvoltage, undervoltage, underfrequency,
and reverse-power control features, which are not available froma fused
switch.

3.3.5 Feeder Distribution Center. The feeder distribution center serves
as the 400-Hz mediumvoltage system control point. Feed the output of all the
frequency conversion assenblies into a common bus which supplies all the
400- Hz medi um vol tage feeders. It serves as a point to neasure 400-Hz usage
and to correct the systenmis no-load power factor to alnbst unity by bal anci ng
t he capacitance of each feeder cable. Figure 6 shows a typical feeder

di stribution center

3.3.5.1 Metering. Normally, do not install recording type neters in an
unmanned facility. |If records are required, transmt themto a point where
personnel are available to maintain orderly record keepi ng and storage.

3.3.5.2 Shunt Reactors. An exanple of shunt reactors sizing is shown in
par agraph 3.2.3. 2.

3.3.6 Central Plant Buildings and O her Equi prent Shelters. The sane
reliability standards cited for equi prment shall also apply to structures
sheltering any part of the 400-Hz systemor its environmental support systens.
Provi de spaces around equi pnment for ease and conveni ence of testing,

mai nt enance, serving, and equi pnent renmoval. Provide a m ni mum 5-f oot
(1.5-neter) aisle space around each frequency conversion assenbly. Larger
aisles may be required to allow for replacement of defective equi prment. Design
buil di ngs with knockout panels for future expansion. Control nechanica
systens automatically by thernostats which maintain correct tenperatures under
all operating conditions. Provide roof exhaust fans as required. Provide

| ouvers and air handling units for air supply which have filters which prevent
entrance of dusty air into the operating parts of the notor-generator sets
(see M L-HDBK-1003/7, Steam Power Plants - Fossil Fueled). |Include other
consi derations normally provided for diesel-engine generators and sw tchgear

r oons.

3.4 Low Vol tage Utilization System Design. A lowvoltage utilization
system extends fromthe utilization service assenbly as shown in Figure 1 or
fromthe solid state frequency conversion assenbly as shown in Figures la and
1b to the parked aircraft. The |ayout of aircraft parking defines the

| ocation of the parked aircraft units (see ML-HDBK-1021/2, General Concepts
for Paverment Design) which will define the l|ocations and nunber of utilization
service assenblies or solid state frequency conversi on assenblies and
determine if a single, |ow or nediumvoltage feeder is capable of supplying
only one hangar, several hangars, or aprons. Integrated design with the
aircraft fixed point utility systenms (see M L-HDBK-1028/6, Aircraft Fixed
Point Wility Systens).
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3.4.1 Low- Vol t age System Equipnment. In addition to a utilization service
assenbly as used on a nmedium voltage system each | ow voltage systemincl udes
the individual aircraft's supply source or fixed service point unit.

3.4.1.1 Utilization Service Assenblies. To assure satisfactory operation
provide utilization service assenblies with components as shown on Figure 7.

a) Step-down transformers. Normally, provide step-down
transformers rated 75 kVA and with a three-phase 208Y/ 120-volt output. The
term nal rating of 208Y/ 120 volts is consistent with the usually higher
vol tage rating of distribution equipnment over the typical 200Y/115 volts of
utilization equipnment. The higher distribution voltage |level allows for
vol tage drop between the distribution and utilization points. The | oad served
is generally no nore than two, 100-anpere, O0.8-power-factor unit |oads (34.5
kVA each). In special cases, larger |oad requirenents (such as for TACAMO
| oads) may have to be served. In such cases, criteria shall be provided by
t he using agency to the designer. For TACAMO | oads, utilize 400 kVA
transformers with the sane naxi mum percent age i npedance val ues shown in Table
4 for 75-kVA units.

b) Line drop conmpensators. Set the mediumvoltage feeder length to
give a per-unit voltage droop (absolute change in voltage between steady
state, no-load and steady state, full-load) to 0.942 at the end of the feeder
cable or 113-volts line-to-neutral on a 120-volt utilization assenbly termnina
vol t age base. Therefore, conmpensate the drop fromthe utilization service
assenbly to the aircraft connector so that no | ess than 113 volts are provided
to the aircraft at the interface point. Provide |line drop conpensators as
indicated in Table 4 for 75-kVA transforners and 460 to 480 kVA for 400-kVA
transformers.

c) Passive-elenent filter assenmbly. Install Passive-element filter
assenblies to reduce harnoni cs which can be generated in the system Standard
performance requirements are based on systems which do not provide additiona
harmoni cs fromthe presence of rectified direct-current |oads. Provide
passi ve-element filters on equipnment terminals of an aircraft whose | oad
produces har noni cs.

3.4.1.2 Fi xed Service Point Units. GCenerally, fixed service point units
provi de di sconnecting devices for two aircraft; that is, they provide two
circuit breakers. Provide power quality in accordance with the requirenments
of M L-STD- 704.

3.4.2 Low Vol tage Cable Limtations. The |location of the parked aircraft
and the 60-foot aircraft cable Iimts the location of fixed service point
units. Each fixed service point unit requires a utilization service assenbly
or solid state frequency converter for its supply, with the location linmited
by the maxi mum 250-f oot service cable | ength.
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For medi um vol tage systens, the voltage | evel on the input to the
utilization service assenbly defines the setting for its line drop
conpensator. Indicate conpensator settings on the drawi ngs so correct
aircraft voltage levels are provided. An exanple of a line drop conpensator
setting is given in Section 4. Overconpensation can cause the sendi ng-end
i npedance to appear very low and result in a current flow that can raise the
vol tage | evel above the required 118 volts. Set the conpensator so that the
l[imts of 113 volts mininumat full-load and 118 volts maxi mum at no-|oad at
the aircraft interface point is not conprom sed under any circunstance.

3.4.3 Feeder Cabl e Connection. Once the |location of all utilization
service assenblies is determ ned, calculate the all owabl e nunber of such

devi ces which can be connected to a nediumvoltage feeder cable. See Section
4 for an exanple of a cal cul ation.

3.4.4 Cabl e Design Requirenents. Cable for 400-Hz circuits requires a
design which mnim zes voltage drop by its construction. The cable paraneters
for feeder and service cable are given in Table 5. To provide standardized
design, design aircraft cable to neet requirements in M L-STD 90328, Cable
Assenbly External Electric Power. Aircraft 115/200-Volt, 400-Hz. Conplete
requirements for cable design are covered in NFGS-16305, 400-Hz Low Vol tage
Subst ati on.
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Section 4: DESI GN ANALYSI S

4.1 General Requirenents. Prior to final design, performa design

anal ysis in accordance with criteria stated in this handbook. The design

anal ysis should also justify decisions that have been recommended in the
concept or in feasibility studies. Necessary material and conputations that
are contained in the concept or studies are found in the body of the analysis
or in the appendi x.

4.2 Scope. The design analysis shall conpletely cover the electrica
design requirements for 400-Hz el ectric power generation conversion and
di stribution systenms for the project and shall consist of two parts: (1) a

Basis for Design: and (2) Design Conputations. |n many cases, entire stations
can be served fromone 400-Hz central plant. Include calcul ations of the
maxi mum | engt h practicabl e for any conponent of the distribution system In

addition, deternmine if the 400-Hz central plant capacity or voltage-drop
characteristics of the system or both, indicate or warrant nore than one
400-Hz central plant for that particular station

4.3 Basis for Design. The basis for design serves as a concise outline
of functional features, including a description of any existing systens and
ot her considerations affecting the design. Provide a full description of al
special requirements and justification for any proposed departure from
standard criteria.

4.3.1 Type of System Justify provision for a medium voltage and/or |ow
vol tage distribution system based on cal cul ati ons of demand requirements. A
400-Hz | oad calculation is shown on Table 10. Aircraft |oads are from Tabl e
1; the aircraft demand factor is fromTable 2; and the other val ues are those
customarily furnished by the using agency.

4.3.2 400- Hertz Conversion. Justify the size and nunmber of frequency
conversion assenblies proposed and the reasons for selection of that

conbi nation. Table 11 provides an exanpl e of how the nunber of frequency
conversion assenblies were chosen.

4.3.3 60-Hertz Input Power. Cover the electrical characteristics of the
i nput power supply for the 400-Hz system including circuit interrupting
requi rements and vol tage regul ation

4.3.3 1 Adequacy. Make a statement concerning the adequacy of the existing
60-Hz system at the point of take-off to supply 400-Hz el ectric power
requirements. |If the 60-Hz source is inadequate, include the neasures
proposed to correct the deficiency in the statenent.

4.3.3.2 Transformer Stations. To maintain the high reliability required,
provide two transformers. Determine the capacity of the proposed transforner
stations proposed to supply 400-Hz central plants. Following is an exanple of
a transformer station sizing.
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M ni mum Requi red Capacity (1) = (80 percent x 766 kVA) + 50 kVA 663 kVA
Near est | arger standard transformer size is 750 kVA

Therefore, provide two 750 kVA transfornmers.

If one transformer is shut down, 100 percent of the 633-kVA demand can
still be supplied, while if 500-kVA units were supplied only 75 percent
(less than the required 80 percent of demand) coul d be provided.

(1) Assuning an additional 50-kVA, 60-hertz demand.

Tabl e 10
400- Hz Load Cal cul ati ons

1. Aircraft Muxi mum Loads

Hangar Aircraft Hangar
No. Aver age Loads
Type Quantity Si mul t aneous Load
1 F- 14A 24 13.5 kVA 324 kVA
2 F- 14A 24 13.5 kVA 324 kVA
3 F- 14A 12 13.5 kVA 152 kVA
4 F- 14A 18 13.5 kVA 243 kVA
5 F-4J 4 23.5 kVA 94 kVA
6 E-2C 5 70.1 kVA 351 kVA
Total Aircraft Loads 1, 488 kVA
2 Avi oni ¢ Connect ed Loads
Versatile Avionic Shop Tester Stations, 6 at 13.5 kVA 81 kVA
Shop Load from Usi ng Agency 102 kVA
Connect ed Avi onics Loads 183 kVA
3. M scell aneous Connected Loads from Usi ng Agency 404 kVA

Maxi mum or Denmand
Type Connect ed Load Fact or Demand
Aircraft 1, 488 kVA 0. 25 372 kVA
Avi oni cs 183 kVA 0.50 92 kVA
M scel | aneous 404 kVA 0.50 202 kVA
Demand Load 666 kVA

5. M nimm 400-Hertz Central Plant Output Capacity Required

666 kVA x 1.15 percent = 766 kVA
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Tabl e 11
400-Hz Central Plant Sizing

1. To Supply Required M nimum 400-Hertz Qutput (Firn) Capacity of 766 kVA

I ndi vi dual Mdtor Generator No. of Units Total CQutput
Qut put Rating Provi ded
312 kVA 3 936 kVA
250 kVA 4 1, 000 kVA
219 kVA 4 876 kVA
187 kVA 5 935 kVA
2. Number of Units Required to Supply 766-kVA Firm Capacity Plus Standby
Capacity
I ndi vi dual Requi r ed Total Pl ant
Qut put Rating No. of Units
Capacity
312 kVA 3 +1 1,248 kVA
250 kVA 4 + 1 1, 250 kVA
219 kVA 4 + 1 1,095 kVA
187 kVA 5+ 1 1,122 kVA
3. Plant Size Eval uations
Rating (1)
187- kVA 219- kVA 250- kVA 312-kVA
Eval uati ons Uni t Uni t Uni t Uni t
Capital Cost Most (1) Medi an (2) Medi an (2) Least (3)
Fl oor Space Most (1) Medi an (2) Medi an (2) Least (3)
Avai | abl e CQut put Medi an (2) Least (1) Most (3) Medi an (2)
Flexibility Best (3) Medi an (2) Medi an (2) Least (1)
Conpl exity Most (1) Medi an (2) Medi an (2) Best (3)
Overall Rating Lowest (8) Lowest (9) Medi an (11) Best (12)

(1) Based on (1) to (3) points with 3 points being the best rating.

4. Plant Size Sel ection

Use four (4) 312-kVA units, as that plant size has the best overal
rating.

4.3.3.3 Generator Source. \When diesel-engine generation is necessary to
provide an alternative source, give pertinent data in the Basis for Design
For di esel -engi ne generator selection, see ML-HDBK-1003/11, Diesel-Electric
Generating Pl ants.
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a) Loading. Cover the percentage of the total calcul ated 400-Hz
| oad which can be supplied by diesel-engine generators, and justification for
that percentage. |In addition, indicate the nunber of diesel-engine generators
proposed, reasons for the selection, and size (kilowatt and power-factor
rating) with the maxi numrevol utions per mnute (rpm, maxi mum brake nmean
ef fective pressure (BMEP), and horsepower rating of the engines.

b) Engine class. Cover the type of starting system type and grade
of fuel, and approxi mate storage capacity. Justify the reasons for selection
of other than fully automatic diesel-engine plants.

4.3.4 Distribution. Determ ne the number of utilization service
assenbl i es which can be served by each medi um vol tage feeder in a manner
simlar to the exanple shown on Table 12. Base the proposed number of
medi um vol t age feeders on neeting voltage-drop limtations. Figure 8 shows
the single line and formul as used in nmaking the voltage-drop cal culations in
Figure 9. The calculations were sinplified by the use of a unity power
factor. The conplex cal cul ations involved when using a 0.8 power factor wll
probably require the designer to access a conputer power system anal ysis
nodel . This system was used for the Appendi x A study.

4.4 Desi gn Conputations. Provide conmputations to indicate that
materials and systens are adequate, but not overdesigned, and are correctly
coor di nat ed.

4.4.1 Capacity and Ot her Calcul ations. Calcul ate | oads, number of
frequency conversion assenblies needed, transforner capacities, and each
medi um vol t age feeder's allowable utilization connections (see Tables 10, 11
and 12 and paragraph 4.3.3.2). Voltage-drop cal cul ations are necessary (see
Figures 8 and 9).

4.4.2 Short Circuits. |In addition to calculating protective device
current rating, determ ne short-circuit effects of 400-Hz electric power.

4.4.2.1 400-Hertz Systems. 400-Hz systens generate relatively |lowfault
currents, primarily because of the inherent inpedance of the notor-generator
set portion of the frequency conversion assenbly. The peak |et-through
current of a notor-generator set always occurs on the first full half-cycle.
Thereafter, the current decreases exponentially to a steady state val ue which
tends to be approximately 60 percent of the first full half-cycle peak
current. This is a function of the 400-Hz notor-generator set design and,
particularly, the design of the generator danper cage.

4.4.2.2 Anal ysis. For sinmplicity in conducting short-circuit analysis, the
i npedance of each notor-generator set can be assuned to offer a maxi mum
avai | abl e short-circuit contribution equal to 12 times that of the rated
full-load capacity of each set. A short-circuit analysis of a 400-Hz

di stribution systemis shown on Figure 10.
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Tabl e 12
Determ nation of Acceptable Utilization Connections

1. Medium Vol tage Feeder Cable Limtations

Feeder Length 15, 000 feet
Feeder Capacity Four unit | oads, each 100-anpere, 200Y/ 115 volt,
0.8 power factor
= 4 x 34.5 kVA = 138 kVA

Loads
Hangar Aircraft Connect ed( 1) Demand Fact or ( 2) Denmand
1 24 324 kVA 0.31 100 kVA
2 24 324 kVA 0.31 100 kVA
3 12 152 kVA 0.50 76 kVA
4 18 243 kVA 0. 40 97 kVA
5 4 94 kVA 0.77 72 kVA
6 5 351 kVA 0.71 249 kVA

Demand Load Percent Feeder
Feeder Serves Per Feeder Capacity Used (4)
1 Hangar 1 100 kVA 73
2 Hangar 2 100 kVA 73
3 Hangars 3 and 5 98 kVA (3) 71
4 Hangar 4 97 kVA 71
5,6,7,8 &9 Hangar 6 76 kVA 51

(1) From Table 10.

(2) From Table 2.

(3) Demand for 16 aircraft

(4) Percent of 138-kVA feeder capacity or four unit |oads
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1. POR MEDIUM-VOLTAGE SYSTEM:
VDgagy =V S(SN0.198))5)/64.160) - £.00418 PUCL)

(1) DENOTES FORMULA GIVEN ON FIGURE 13 (IYPICAL)
VD3uv =V HENISHE.2541/(4.160) « 0.06753 PTU(2)
Vn-m = 0.0161 PU{D
d. FOR LOW-VOLTAGE SYSTEM:
RC&BLS = Relilcz = Mcm . mﬂl’o.s’? - Q_MPUM}

RsYSTEM *RCABLE *RT*RLD 4 §.057340.0140.0088 » 9,0786(0.577) = 0,0436 OHMS(4)

VDpiv =V 3(100X0.0436)/208 = 0.0363 PU(1)
XcABLE *Xc11XCy =)0.0445410,0118+10.0563/0.577 » 40,093 PU(S)

XsYSTEM 'xCABLB‘xT'xLD 210.0977+10.059-10.167 « -J0,0103(0.577) » -)0.0059 OHMS(5)

VDyxpy =V $(100X0.0059)//208 « -19.0050 PUC2)
'ﬂ}z]_v = 0.0368 PU(D)
3. FOR BOTH SYSTEMS:
YDp = VDRMV*'VDRL'U' «0.00618+0.0863 = 0.0425 PU
VDy = VDypmy+ VDypy = 10.007934(-$0,0050) - 10,0080 PU

VDz. 0.0426 PUD)

VA[RCR'AFI = l-’Q.Ol: = 0.9574>0.942 SO
VOLTAGE DROP[S ACCEPTABLE

VatRCRAPT =l4.8 VOLTS LAGGING

NOTES:
1. Calculations az¢ based on Figure 13 diagram.

3. Underline denotes values which are not constant. A cursory cheek of other loads and
tadle lengths may be made by substituting applicable values for underiined values.

Figure 9
Voltage-Drop Calculations Using Actual Values
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JMPEDRNCT VALLE:

1 FEEDER CABLE (2RUE)
* T=0.198+ j(.254+0.322 OHNS/1,.000 FEET

2 SERVICE CRBLE (470 MiG)
= 7=D.085+ j0.178+5.197 OWns1.000 FEET
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APPENDI X A

ANALYSI S OF 400- HERTZ
CENTRALI ZED POVER DI STRI BUTI ON SYSTEMS

Section 1: MAXI MUM FEEDER CABLE LENGTH

1.1 Variations. Seven different feeder cable | engths were analyzed in
Case A to determ ne the maxi num feeder cable length. The lengths varied from
5,000 feet for Case Al to 40,000 feet for Case A7. For a typical cable, the
only paraneters deternmining the voltage droop are resistance, inductance, and
capaci tance. The No. 2 Anerican wire gauge (AW3 cable paraneters used are as
fol | ows:

Resi st ance 0. 198 ohns per 1,000 feet
I nduct ance 74 x 10°% henries per 1,000 feet
Capaci t ance 0.603 x 10°® farads per mle

The capacitance of the cable is conpensated for by shunt inductance
(shunt reactance). A 100-anpere, 0.8-power-factor load is assuned for each
case. The series conpensation (line drop conpensator) is fixed at 12 percent.

Feeder lengths are as follows: Case Al - 5,000 feet; Case A2 -
10,000 feet: Case A3 - 15,000 feet; Case A4 - 20,000 feet; Case A5 - 25,000
feet; Case A6 - 30,000 feet: and Case A7 - 40,000 feet.

1.2 Di scussion. The per-unit resistance and reactance for each
conponent are shown between the buses. Figure A-1 (Case Al) shows the
per-unit resistance and reactance of the feeder cable between buses 2 and 3.
Bet ween buses 4 and 5, the 12-percent, voltage-conpensation inpedance shown is
-j O 412 per unit for capacitance. The frequency conversion assenbly's
generator power input to bus 1 is in nmegavoltanpere-anpere (MVA) units. The
power is 28.6 kilowatts (kW and the reactive power is 20.8 kilovars (kvar).
Al'l inpedance paraneters shown are in per-unit. The per-unit basis is one
generator (312 kVA) and 118 volts, line-to-neutral (volts ,.).

Bus 2 on the high side of the frequency conversion assenbly' s
transformer is at 4,160 volts, line-to-line (volts,, ). The voltage here is
0.9951 per unit or 4,140 volts ,,. At bus 3, which is the end of the
di stribution feeder cable, the voltage is 0.9924 per unit or 4,128 volts ;.
This is the logical point in the systemwhere the opti mum feeder length is
determ ned, since this is the point where the no-load voltage going to the
last utilization service assenbly on the feeder nmust be determined. Bus 4 is
the | owvoltage side of the utilization service assenbly transformer. The
vol tage here is 0.9725 per unit on a 208-volt per-unit base or 202.3 volts.

Bus 5 is the load side of the utilization service assenbly's |line

drop conpensator. The voltage is 0.9998 per unit or essentially one per unit.
It nust be renenbered that only one utilization service assenbly is on the
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systemwith a 100-anpere unit load for this case. Since the systemis |inear
the system vol tage conditions can be cal culated for nore unit-Ioaded
utilization service assenblies.

Case Condition: Central plant to utilization transformer cable length
variations.

FREQUENCY CONVERSION VTAZATION SERVICE
ASSEMBLY ARSEMALY
FEEDEA LINE DROP
T!Mﬂ"ﬂ!ﬂ;h CABLE PRARSF O

MSFORMER COMPENSATOR
]

wwé-?on 4 :.cozv . aedy . .:”n.

S (11 DR

Figure A-1
5, 000- Foot Feeder Cabl e-Case A-1

VWi le the schematic (Figure A-1, for exanple) shows only one
utilization service assenbly on the feeder at bus 3, the remaining utilization
service assenblies can be included by assuming that all utilization service
assenblies for the feeder connect to bus 3 (see Table A-1). This will produce
the | argest steady-state voltage drop. The error introduced will not change
the results. Analysis indicates that voltage at bus 3, when the |ast
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utilization service assenbly | oad is added, should not be | ess than

approxi mately 0.942 per-unit voltage. This per-unit voltage will produce a
no-| oad voltage of 113 volts+1-n, at the |low side of a utilization service
assenbly transforner at no | oad when per-unit voltage is 208/ 120 volts.

This anal ysis was perforned on a basis of a 113-volt, no-Iload
voltage on the low side of the utilization service assenbly transformer. To
neet the criteria, the full-load and no-1oad voltages supplied at the end of
the aircraft cable, which is the interface (aircraft connection input) point,
nmust be no | ess than 113 volts or greater than 118 volts. The voltage drop
for the aircraft cable connection nust be considered. Therefore, all data
presented in this appendi x nmust be based on this requirenent.

The other Case A runs, which are shown on Figures A-2 through A-7,
are for various feeder cable lengths up to 40,000 feet. These figures have
the sane format as Figure A-1 (Case A-1), so their voltage characteristics can
be conpared. The optinmum feeder |ength should be selected on a m ni num
vol tage requirement for bus 3 (utilization service assenbly's high-voltage
side). The mnimm steady-state voltage at bus 3 is recommended to be
approxi mately plus 0.942 per unit when 120 volts root nean square (RMS) is the
base. This voltage will set the m ni mum no-load voltage at bus 5 for al
other utilization service assenblies on this feeder cable. This no-Ioad
vol t age has been set for 113 volts at the utilization service assenblies, but
the 113 volts mnimumis also required at the aircraft interface point. The
maxi mum feeder length is determned by the steady state voltage at the feeder
cable end, which is determ ned by the cable | ength, cable paraneters, and the
| oad currents of all utilization service assenblies on the feeder cable.

1.3 Results. The results of the Case A anal yses are tabulated in Table
A-1. Voltage was regul ated at the generator-transforner, high-voltage side
(4,160 volts).

For a voltage drop on a 40,000-foot feeder not to exceed criteria,
only two 75-kVA utilization service assenblies (each with a 100-anpere
0. 8-power-factor unit |oad) can be supplied. Utilization service assenblies
are capabl e of serving two 100-anpere 0. 8-power-factor unit loads. |f both
| oads are supplied fromone utilization service assenbly, then a 40, 000-f oot
feeder cable could only serve one assenbly wi thout exceedi ng voltage drop
criteria. For a 20,000-foot feeder, only three unit |oads can be supplied;
for a 10,000-foot feeder, only five unit | oads can be supplied. The optinmm
| ength of feeder cable is determ ned by the nunber of utilization service
assenblies on the feeder. The acceptabl e nunber of utilization service
assenbl i es per feeder cable length is obtained by using the voltage drop at
bus 3 in per unit for the various | engths and dividing this quantity into
0. 0583 per unit (specified steady state maxi num droop at bus 3). This
specified steady state limt will produce a utilization service assenbly
no-1 oad m ni mum voltage of 113 volts --L-N (a m ni mum vol tage whi ch shoul d
al so be provided at the aircraft interface point).
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Thr oughout this study one 75-kVA utilization service assenbly
(200- anpere capacity) is assumed to supply one 100-anpere 0. 8-power-factor
unit |oad. Wen the transformer is |oaded with two unit |oads, i,e, its ful
capacity, the results of this study can be related by dividing the nmaximum
al | owabl e nunber of utilization service assenblies indicated by two.

Exanmpl es of cal cul ations for deternining the maxi mum nunber of
utilization service assenblies are given bel ow.

For a 40, 000-f oot feeder cable: 0.0583 = 2.1 =tw
(1 - 0.9726)
For a 10, 000-f oot feeder cable: 0.0583 = 5.6 =five

(T - 0.9896)

Al t hough Table A-1 shows distribution feeders up to 40,000 feet in
| ength, econonics dictates that the 400-Hz medi um voltage distribution systens
nmust be designed to have feeder |engths not greater than 15,000 feet.

Table A-1
Feeder - Cabl e Length Versus Loads (1)

Cabl e Length Bus 3 Nunmber of No- Load
Feet Per-Unit volts (2) Unit Loads (3) Volts 1-n (4)
40, 000 0. 9775 One 117.3

0. 9551 Two 114.6 (5)
0. 9325 Thr ee 111.9
30, 000 0. 9832 One 118.0
0. 9664 Two 116.0
0. 9496 Thr ee 115.0
25, 000 0. 986 One 118. 3
0.972 Two 116.6
0. 958 Thr ee 115.0
0.9391 Four 112. 7
20, 000 0. 0889 One 118. 7
0.9778 Two 117.3
0. 9667 Thr ee 116
0. 9556 Four 114.7
0. 9445 Five 113.3
0.9334 Si x 112
15, 000 0.9917 One 119
0.9834 Two 118
0.9751 Thr ee 117
0. 9668 Four 116

41



M L- HDBK- 1004/ 5

Table A-1 (Conti nued)
Feeder - Cabl e Length Versus Loads (1)

Cabl e Length Bus 3 Nunmber of No- Load
Feet Per-Unit volts (2) Unit Loads (3) Volts 1-n (4)
0. 9585 Five 115
0. 9502 Si x 114
0.942 Seven 113
10, 000 0. 9945 One 119.3
0. 9890 Two 118.7
0. 9835 Thr ee 118.0
0.9780 Four 117. 4
0.9725 Five 116.7
0. 9670 Si x 116.0
0.9610 Seven 115.3
0. 9560 Ei ght 114.7
0. 9505 Ni ne 114.0
0. 9450 Ten 113. 4
5, 000 0. 9973 One 119.6
0. 9919 Thr ee 119.0
0. 9865 Five 118. 4
0.9811 Seven 117.7
0. 9757 Ni ne 117.1
0. 9703 El even 116. 4

(1) Voltage regul ated on the high-voltage side (4,160 volts) of the frequency
conversion assenbly. This elimnates the 0.0049 voltage drop on bus 1

(2) The utilization service assenbly transformer's per-unit |ow voltage base
is 208/ 120 volts.

(3) The 100-anpere, 0.8-power-factor unit load is assuned at the | oad side
of the line drop conpensator

(4) Voltage does not include service cable or aircraft cable effects on
vol t age drop.

(5) The underlined rows denote the nmaxi mum number of 100-anpere, O0.8-power-
factor unit | oads (one on each utilization service assenbly) on the
feeder cable to maintain 112-volts mininmumat utilization service
assenblies. Adjustment may be required to also maintain 113 volts
m nimum at the aircraft interface point.
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Case Condition: Central plant to utilizsatien transformer cable length
variations.

nﬂtl'uvun uu% ﬂl:'l' ‘ 3
4. e % 50 .'r'I'.’H'

Figure A-2
1G,000-Foot Feeder Cable - Case A?

Case Condition: Central plant to utilization transformer cable length
wariations.

Figure A-3
15,000-Fcot Cable - Case A3
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Case Condition: Central plant to utilizstion transformer cable length
variations, -

GENERATOR cre0r a1eo¥ . 3
N a . - -1
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Figure A-4
20,000-Foot Feeder Cable - Case AL

Case Conditfon: Central plant to utilization transforwer cable length
variacions.

Figure A-5
25,000-Foot Feeder Cable - Case AS
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Case Condition: Central plant to utilization transformer cable length
variations.
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3
e .

Figure A-6
30,000-Foot Feeder Cable - Case Ab

Case Condition: Central plant to utilization transformer cable llength
variations.
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Fipure A-7

40,000-Foot Feeder Cable - Case A7
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Section 2: SINGLE AND MULTI PLE UNI T LOADS

2.1 Variations. The effects of single and multiple 100-anpere
0. 8-power-factor unit |oads were analyzed in Case Dto determne if the feeder
cabl es could handle nultiple loads and still conmply with vol tage-drop

[imtations. The voltage range of 108 volts mininumto 118 volts maxi num as
specified in ML-STD- 704, is the aircraft operating range. This voltage range
allows for a 0- to 5-volt drop in the internal electrical aircraft

di stribution system Therefore, the mninumvoltage at the interface
(aircraft connection input) point should be 113 volts RVS and the maxi num

vol tage should be 118 volts RMS. Figures A-8 through A-12 (Case D) are a
series of conputer runs based on the results of Section A.1. The analysis is
concerned with only a mnimm steady state, no-load utilization service
assenbly voltage of 113 volts ., but the 113 volts mininum should al so be

mai ntai ned at the aircraft interface point. The mnimum per-unit voltage at
the end of the feeder cable will be 0.942. The series conpensation will not
affect the results of this section. Figure A-8 (Case D) has one utilization
service assenbly or a single unit |oad of 100- anpere O0.8-power-factor. The
bus 6 per-unit voltage is 0.9759 per unit or 117.1 volts. The bus 3 per-unit
voltage is 0.9865 per unit or 118.4 volts on a 120-volt per-unit base. When
two utilization service assenblies are supplied by a feeder cable (Figure A-9)
each with a 100-anpere 0. 8-power-factor unit |oad, bus 3 and bus 6 per-unit
vol tages are 0.9726 and 0.9618, respectively. Wth four unit-Ioaded
utilization service assenblies (Figure A-10), each with 100-anpere,

0. 8-power-factor |oad per 75-kVA transforner, the bus 3 and bus 6 per-unit

vol tages are 0.9432 and 0.9321, respectively. The maxi mum nunber of
unit-loaded utilization service assenblies permitted on a 15, 000-foot feeder
cable is four in order for voltage not to drop below 113 volts at utilization
service assenblies. The 113 volts m nimum nust be maintained at the aircraft
interface point also. This can be achieved by setting the line drop
conpensati on hi gh enough to offset the inductive voltage drop which occurs
fromthe point of the utilization service assenbly input to the aircraft
interface point. This is the limt inposed by the droop in the bus 3 voltage.
The m ni mum per-unit voltage at bus 3 is 0.942. The results of this section
are conparable to those of Section A.1. Table A-2 summarizes Case D data.

2.2 Di scussi on. The service cable length and series (line drop
conpensator) conpensation have little effect on feeder cable |engths.

Tabl e A-2 indicates that four unit-|oaded utilization service
assenblies on a 15, 000-foot feeder cable will have a bus 3 voltage of 0.943
per unit and provide a no-load utilization service assenbly voltage of 113.2
volts+1-n,. The required 113- volt mninum no-load, steady state voltage

aircraft interface point nust also be checked. This will be covered later in
this analysis. Al tests were made with one unit |oad per assenmbly. Two unit
| oads on the sane assenbly will produce the same results as one unit |oad on

two assenbli es.
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Table A-2

Vol tage Drop on a 15, 000- Foot Feeder Cable (1)

100- Anper e Bus 3 No- Load
0. 8- power - f act or Per-Unit Volts Volts 1.n-

(36-kVA) Unit Loads (2)

Case D1 - One 0. 986 118. 3

Case D2 - Two 0.973 116. 8

- Three 0. 956 114. 7

Case D3 - Four 0. 943 113. 2

- Five 0.924 110.9

Case D4 - Six 0.911 109. 3

- Seven 0. 894 107.3

Case D5 - Eight 0.877 105.2

(1) Voltage does not include aircraft cable effects on voltage drop
(2) If two 100-anpere, 0.8-power-factor unit |oads are supplied from
one utilization service assenbly, this is equivalent to two unit | oads.

Since the results of this section are conparable to those of Section
A. 1, the nunber of |oaded feeder cables of different |engths can be obtained
from Section A 1.

Figure A-13 shows the steady state conditions of the system (100-
anpere 0. 8-power-factor unit |load at bus 11) before a 100-anpere
0. 8-power-factor unit load is applied at bus 7. The system paraneters are
15,000 feet of No. 2 AWG feeder cable; 200 feet of No. 4/0 AWG service cable;
and 40 feet of No. 2 AWG aircraft cable. The series conpensation is set at 12
percent. Power supplied is based on input fromone 312-kVA frequency
conversion assenbly generator. No transient voltages have a magnitude
significant enough to cause probl ens.

The transient limt is 0.68 per unit and 1.52 per unit. The steady
state value at buses 7 and 11 nust be above 0.942 per unit when the per-unit
voltage is 120 volts RMS.

Figure A-14 has an initial |load at bus 11 which is equivalent to two
unit-loaded utilization service assenblies with a total 200- anpere
0. 8-power-factor load. A 100-anpere 0.8-power-factor unit load is stepped on
at bus 7. The results indicate no transient or steady state probl ens.

Wth | oad vol tage conpensati on, each assenbly percent conpensation
setting shoul d conpensate for the reactance occurring between the assenbly
i nput and the aircraft interface point. Wen this is done, the end voltage
will not rise above 118 volts. The steady state values in the figures of this
section have been established prior to the application of the 100-anpere
0. 8-power-factor step |load. The conpensation is set at 12 percent.
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On this basis, the per-unit voltage at bus 11 shown on Figure A-14
is 0.9381 which is belowthe criteria of 0.942. The steady state result was
obt ai ned using the 12-percent voltage conpensation setting. For this
assenbly, the setting needs to be increased to 18 percent and the per-unit
voltage will increase to nore than 0.942.

Figure A-15 has an initial |load at bus 11 equivalent to three
unit-loaded utilization service assenblies with a total 300-anpere
0. 8-power-factor load. A 100-anpere 0.8-power-factor unit load is stepped on
at bus 7. This indicates that the steady state voltage at bus 11 is below the
m ni mum of 0.942 per unit (113 volts). It also indicates that the series
conpensation needs to be increased from12 to 20 percent for this condition
(four unit | oads) to neet nininmum voltage requirenents.

Figure A-16 has an initial |oad at bus 11 which is equivalent to
four unit-loaded utilization service assenblies with a total 400- anpere
0. 8-power-factor load. A 100-anpere 0.8-power-factor unit load is stepped on
at bus 7. This results in a steady state voltage bel ow the mi ni num vol t age
specified (0.942 per unit). Bus 11 will be approximtely 0.897 per unit, and
bus 7 will be 0.903 per unit with 12 percent series conpensation. \Wen the
series conpensation is increased from 12 to 20 percent, the voltage at the
load will be raised 2.2 percent.

Two vol tage droops nust be considered for the maxi mum and m ni mum
| oad changes which keep the system s steady state voltage between 113 and 118
volts (bus 7 and bus 11, respectively). These are the voltage droops on the
feeder cable fromall unit-|oaded utilization service assenblies and fromthe
feeder cable to the airplane interface point for the |oad on the service
cable. For exanple: |If the droop on the feeder cable is 0.058 per unit for a
total 400-anpere |oad and the droop fromthe input of a utilization service
assenbly to the aircraft interface point froma |oad of 200 anperes is
conpensated by a series conmpensation (12 to 20 percent) so that no reactive
droop exists for the service cable, then the 0.058-per-unit droop for the
feeder cable will appear at the aircraft interface point and be within the
113- to 118-volt requirement. A droop of 0.058 on a 120-volt base is 7 volts:
thus, 120 volts mnus 7 volts equals 113 volts RM5. All reactive droop from
the input of the utilization service assenbly to the aircraft interface point
shoul d be conmpensated by the series conpensation circuit.

The bus nunbers from Figure A-16 can be used to illustrate reactive
droop conmpensation. |f the voltage droop to bus 3 is held at a given percent
for a given total |oad, then the conpensation for the reactive droop from bus
3 through an assenbly to an aircraft interface point can be provided. The
| ast assenbly on a feeder cable must have an input voltage of no | ess than

0.942 per unit. Resistance in the service cable and aircraft cable will then
be the determining factor for the voltage at the aircraft interface point. In
the final design, resistance will also have to be evaluated as a liniting

factor in cable |engths.
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Case Condition: TFixed cable lengths with load variations. Parameters
are 15,000-foot feeder cable length, 120-foot service cable length, and
100-ampere, O.8-power—factor unit load per utilization transformer.

FREOUENCY CONVERSION
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Figure A-8
One-Unit Steady State Load on Feeder - Case D1

Case Condition: Fixed cable lengths with load varfarions. Parameters
are 15,000-foot feeder cable length, 120-foot service cable length, and
100-ampere, 0.8-power—factor unit load per utilization transformer.

Flgure A-9
Two-Unit Steady State load on Feeder - Case D2
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Case Condition: Fixed cable lengths with load wariations. Parameters

are 15,000-foot feeder cable length, 120-foot service cable length, and

100-ampere, 0.8powver-factor unit load per utilization transformer.
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Figure A-10
Four-Unit Steady State Load on Feeder - Case D3

Case Condition: Fixed cable lengths with load variations., Paramecers
are 15,000-foot feeder cable length, 120-foot service cable length, and
100-ampere, 0.8-pover—factor unlt load per utilization transformer.
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Figure A-11

Six-Unit Steady State Load on Feeder - Case D4
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Case Condition: Fixed cable lengths with icad variations. Parametérs
are 15,000-foot feeder-cable length, 120-foot service cable length, and
100-anpere, 0.8-power-factor umit load per utiliration transformer.
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Figure A-12
Eight-Unit Steady State load on Feeder - Case DS

Case Condition: Fixed cable lengths with initial load variations and
fixed stepped load. Parameters are 15,000 foot feeder cable length,
200-foot service cable length, 40-foot aircraft cable length, and
10G-ampere 0.8~power-factor unit loads.
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Figure A-13
Initial One-Unit Load Plus Stepped One-Unit Load
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Cage Condition: Fixad cable lengths with initial load variations and
fixed stepped 1oad. Parameters are 15,000-foot feadar cable length,
200-foot service cable length, 40-foot aircraft cable length, and
100-anpere 0.8-power<sfactor unit loads.
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Figure A-14

Initial Two-Unit load Plus Stepped One Unit Load

Case Condition: Fixed cable lengths with initial load variations and
fixed stepped lcad. Parameters are 15,000-foot feeder cable length,
200~foot service cable length, 40-foot aircraft-cable length, and
100-azpere 0.8-power—factor unit loads
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Figure A-15
Initial Three-Unit Load Plus Stepped One Unit Load
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{ase Condition: Fixed cable lengths with inicial load variations and
fixed stepped load. Paraneters are 15,000-foot fesder cable length,

200-foot service cable length, 40-foot aircraft cable length, and
100-ampere 0.8-pover~factor unit loads.
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Figure A-16

Initial Four-Unit Load Plus Stepped One Unit Load
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Section 3: MAXI MUM SERVI CE CABLE LENGTH
FOR A 100- AMPERE UNI T LOAD

3.1 Variations. The length of the service cable used to supply the

100- anpere 0. 8-power-factor loads will affect the voltage drop at the aircraft
i nterface point, which nust not be less than 113 volts to neet criteria. Case
B anal yzes the effects of service-cable | engths according to this requirenent.
Cases Bl through B5 analyze the drop through the service cable only. Cases
Bl | through B15 anal yze the drop through the conbined service cable and
aircraft cable to the aircraft interface point, the point where

m ni mum voltage criteria nmust be mnet.

3.2 Di scussi on. The maxi mum | ength of the service cable is deterni ned by
M L- STD- 704" s steady state voltage requirenent for the aircraft's interna
operating voltage, which is 108 volts mnimum The mnininum voltage at the
aircraft interface point has to allow for a 0- to 5-volt drop in the aircraft.
Therefore, the m ninumvoltage at the aircraft interface connector is 113
volts RMS. The four paraneters that determine the voltage at the connector
are: the load, the service cable inpedance, |ine drop conpensation provided,
and the voltage at the feeder cable where the utilization service assenbly is
connected. Cases Bl through B15 depict voltage drops for several |engths of
service cables. The series of runs from Cases Bl through B5 establish a
maxi mum | ength of service cable for one set of cable paraneters with a fixed
12-percent |ine conpensation.

For Cases Bl to B5 (Figures A-17 through A-21, respectively), the
service cable length was varied from40 to 200 feet. The service cable
characteristics are

Resi st ance
| nduct ance

0. 0807 ohns per 1,000 feet
0. 1853 ohns per 1,000 feet

A 100- anpere, 0.8-power-factor load is assumed at bus 6 (load end of
service cable). This set of runs is prelimnary and does not show a detail ed
distribution to the | oad.

Service cable lengths are as follows: Case Bl - 40 feet: Case B2 -
80 feet:Case B3 - 120 feet: Case B4 - 160 feet: and Case B5 - 200 feet. Case
B figures are simlar to Case A figures, except that the effects of the
service cable | engths have been indicated. This adds a sixth bus at the end
of the service cable. The two inportant voltages are the per-unit voltages at
bus 3 and bus 6. Bus 3 per-unit voltage determ nes the no-load voltage on al
utilization service assenblies on this feeder cable, and bus 6 voltage
i ndicates the steady state |oad voltage at the end of the service cable. To
neet the M L-STD 704 specification for steady state voltage, the voltage at
the aircraft interface connection nmust be kept above 113 volts RMS.

Using the system paraneters given and a service cable |l ength of 200

feet (Case B5), the steady-state voltage at bus 6 with a dedi cated feeder and
a 100-anpere 0. 8-power-factor load is 115.6 volts, as shown on Figure A-21
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The bus 6 value (utilization service assenbly output) is 119.3 volts; the bus
3 value (end of feeder cable) is 0.9863 per unit. The voltage at bus 3

i ndi cates that four 75-kVA utilization service assenblies could be added to
the feeder cable, based on Table A-2; that is, one per-unit |oad gives the bus
3 voltage indicated on Figure A-21. However, four per-unit |oads, as shown
by Table A-2, will not decrease voltage below the criteria. The nmaximum
service cable length is used to determ ne the voltage at the end of the feeder
cable (bus 3). After the steady state m ninmum voltage is established as 0.942
per unit at bus 3, the nmaxi mum service cable | ength can be determi ned.

Assume that four unit-|oaded utilization service assenblies on a
feeder cabl e produce voltage greater than 0.942 per unit at bus 3 or 113 volts
on the last utility service assenbly transformer's |owvoltage side at the
no-l oad condition. The percent series conpensation is set to conpensate for
the fixed utilization service assenbly's transformer inpedance, the variable
service cabl e i npedance, and the fixed aircraft cable i npedance. The
procedure adds all the inductive reactances frombus 3 to the aircraft
i nterface connector input. Choose a series voltage conpensati on percentage
that will cancel these reactances and some of the feeder cable reactance. It
i s possible too overconpensate for the inductive reactance. This will produce
a capacitive reactance drop in the system The final desired result is that
the voltage at the aircraft interface connector does not go below 113 volts
RMS or above 118 volts RMS, in the steady-state condition.

Figures A-22 through A-26 (Cases BlIl through B15, respectively) are
for the cable characteristics given bel ow

No. 2 AWG cable 0.198 + jO 197 ohns per 1,000 feet
No. 4/0 AWG cable 0.085 + jO 178 ohns per 1,000 feet

The series conpensation is 12 percent. The voltage effects
resulting fromthe No. 4/0 AWG service cable and the No. 2 AWG aircraft cable
are separated for each figure's single-line diagram

The voltage at bus 3 has been selected to deternmine the feeder cable
maxi mum | ength. This vol tage has been selected so that the no-1oad voltage on
a utilization service assenbly near the end of the feeder cable will be no
| ess than 113 volts ,, as discussed in Section A 1.

The maxi mum service cable length for a 100-anpere, 0. 8-power-factor
unit load is deternmined as follows. It is assuned that the feeder cable
| ength and nunber of unit-loaded utilization service assenblies have been
determ ned. This sets 113 volts as a m ni mum steady state voltage at a non-
| oaded utilization service assenbly transforner.

The inductive reactances of the utilization service assenbly
transformer, aircraft cable, and the service cable are added together on a
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conmon base. The 20-percent series voltage conpensation (-j0.692 per unit) is
on the | owvoltage base. The series conpensation per-unit inmpedance val ue has
to be greater than the total inductive reactance on the sane per-unit base.

Referring to Figure A-24 (service cable length equals 200 feet), the
total per-unit inductive reactance frombus 3 to bus 7 is j0.2454 + j0.2668 +
j0.0793 = j0.5915. Since the series conpensation of 20 percent is equal to -
j0.692 per-unit reactance (Table A-3), the mnimum voltage at the airplane
interface connector will be greater than 113 volts RMS. The resistance of the
cables and the utilization service assenbly transformer al so have to be
i ncluded in the anal ysis.

Tabl e A-3
90- kVA Li ne Drop Conpensator's Per-Unit |npedance
Conpensati on Per-Unit Ohms on 118-Volt Base
Per cent 90- kVA Base 312- kVA Base

5 -j0.023 -j0.172
6 -j0.028 -j 0.209
7 -j0.033 -j0.246
8 -j0.037 -j0.276
9 -j0.042 -j0.313
12 -j0.055 -j0.412
14 -j 0. 065 -j 0.485
16 -j0.073 -j0.545
18 -j0.084 -j0.627
20 -j0.093 -j0.692

Per-Unit Ohms on a 90-kVA Base = (0.204)squared/0.09 = 0.4624 ohns
Exanmpl e: 5-percent ohnms = 0.05 x 0.4624 = 0.023 ohns

If four unit-loaded utilization service assenblies (100-anpere, O.8-
power-factor |oad) were on a feeder cable of 15,000 feet, the maxi mum service
cable length is No. 4/0 AW - 270 feet and the length for the aircraft cable
to the airplane interface connector is No. 2 AWG - 40 feet.

3.3 Results. Table A-4 shows the effects of the various paraneters on
t he maxi mum service cable length for 100-anpere, 0.8-power-factor unit | oads.
The beneficial effects of paralleling service, thus reducing the inpedance of
the load circuits, is the same as increasing the series conpensation. Wen
the series conpensation is set at 20 percent, the service cable maxi mum

| engths, as given in Table A-4, should be adequate for nost installations.
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If the series conpensation is changed form 12 to 14 percent, the
airplane interface connector steady state voltage (100-anpere, O0.8-power-
factor load) will increase by 0.0497 - 0.0428 = 0.0069 per unit (Table A-5)
where unit voltage is 118 volt,, This increase in voltage at the airplane
service interface connector is:

(0.0069) (118 volts,,) = 0.814 volts,,

The results are not linear. An increase from12 to 20 percent will
increase the aircraft interface connector voltage by 2.6 volts,, for a given
cable length (for a 100-anpere, 0.8-power-factor |oad).

The resi stance of the cables and transformers has a nore pronounced

ef fect on voltage drop at high series conpensati on where the reactive
i npedance cancel s out.

A-17
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Case Condition: Service cable length variations for a 15,000-foot
feeder cable length. Alrcraft cable effects not analyzed.
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Figure A-17
4L0-Foot Service Cable - Case Bl

Case Condition: Service cable length variations for a 15,000-foot
feeder cable length. Aircraft cable effects not analyzed.
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Figure A-18
BO-Foot Service Cable - Case B2
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Case Condition: Service cable length variations for a 10,VWU-IO0C

feeder cable length, Aircraft cable effects not analyzed.

3 4
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Figure A-19
120-Foot Service Cable - Case B3

Case Condition: Service cable length wvariations for a 15,000-foot
feader cable length. Adrcraft cable effects not analyzed.

- Flgure A-20
160-Foot Service Cable - Case B4
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Case Condition: Service zable length varistions for a 15, 000-foot
feeder cable Iengch. Alrcraft cabls effects not analyzed.
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Figure A-21
200-Foor Service Cable - Case BS

Case Conditions: Service cable length variations; aircraft cable
effects analyzed. Parameters are 15,000-foot feeder cable length
and 4C-foot airecraft cable length.
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Figure A-22
100-Foot Service Cable Plus Aircraft Cable - Case Bll .
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Case Conditions: Service cable length variations; aircraft cable
effects analyzed. Parameters are 15,000-foot feeder cable length
and 40-foot alrcrafc cable length.

Figure A-21
150-Foot Service Cable Plus Alrcraft Cable - Cage B12

Case Conditions: Service cable length variations; aircraft cable
effects anslyred. Parameters are 15,000-foot feeder cable length
and 40-foot aircraft cable length.
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Figure A-24
700-Foot Serviee Cahle Plug Aireraft Cable - Cagse E13
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Case Conditions: Service cable length variations; aircraft cable

effects analyzed. Parameters are 15,000-foot feeder cable length
and 40-foot aircraft cable length.

Figure A-25
250-Foot Service Cable Plus Aircraft Cable - Case Blé4

Case Conditions: Service cable length variations; aircraft cable
effects analyzed. Parameters are 15,000-foot feeder cable length
and 40-foot alrcraft cable length.

Figure A-26
300-Foot Service Cable Plus Aircraft Cable - Cast RIS
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Table A-4

Service Cable Length Versus Loads and Feeder Cable Lengths (1)
Feeder Cabl e Nunmber of Maxi mum Ser vi ce
Length Unit Loads Cabl e Length (2)

Feet on Feeder Feet

5, 000 1 550

3 525

5 500

7 450

9 375

10, 000 1 550

2 500

4 425

5 350

15, 000 1 525

2 450

4 300

20, 000 1 500

2 425

3 300

25, 000 1 475

2 350

3 150

30, 000 1 475

2 300

40, 000 1 425

2 150

(1)

(2)

Parameters are as foll ows:
No. 4/0- AWG service cable, 0.085 + j0.178 ohns per

Ser i

Generator voltage regul ated at

es conpensation, 20

per cent

No. 2-AWG aircraft cable, 40 feet

No.
Uni t

2- AWG f eeder cabl e,
Loads, 100- anper e,

15,000 feet (4,160 volts)
0. 8- power -factor each

1, 000 feet

hi gh voltage side (4,160 volts)

Length to assure that steady state voltage at aircraft interface point

not

| ess than 113 volts.
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Tabl e A-5
90- kVA Li ne Drop Conpensator's Per-Unit Voltage |Increase (1)
Li ne Drop Low Vol t age
Conpensati on I ncrease
Per cent Per-Unit Volts
12 0. 0428
14 0. 0497
16 0. 0548
18 0. 0609
20 0. 0646

(1) Paraneters are:
15, 000-f oot feeder cable
200-f oot service cable
40-foot aircraft cable and
100- anpere, O0.8-power-factor unit | oads
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Section 4: MAXI MUM LOAD CHANGES ALLOWED ON THE SYSTEM

4.1 Variations. Load changes will affect the amount of |oad which a
feeder cable can handle. Case C analyzes the inpact of |oad changes on the
steady state voltage. Analyses of transient and notor-starting runs do not
i ndi cate adverse effects on the system when the guidelines are foll owed.

This anal ysis was made with one feeder cable circuit fromthe
central generation system Each feeder cable with utilization service
assenblies shall be essentially a separate circuit in the steady state
condi ti on.

4.2 Steady State Load Changes. Maximum | oad changes are limited by the
steady state requirement for |oad voltage.

M L-STD-704 linmits the steady state phase voltage to a range of
108.0 volts RVMS to 118.0 volts RM5 in the normal node or 102.0 volts RMS to
124.0 volts RVMS in the emergency node. These voltage-range linmts are for
equi prent inside the aircraft, and these limts take into account the 0- to 5-
volt drop permitted internally. Therefore, the voltage at the airplane
connector shall have a mininumlint of 113 volts.

The series of runs given in Figure A-27 through A-30 (Cases Cl to
C4) consider the steady state requirenment. The |oad changes considered are:
Case C1 - 100 anperes, 0.8-power-factor; Case C2 - 150 anperes, O0.8-power-
factor; Case C3 - 200 anperes, 0.8-power-factor; and Case C4 - 250 anperes,
0. 8- power - fact or.

These figures indicate that the total current |oad on a feeder cable
is a factor in determ ning the maxi mum | oad which can be switched and stil
neet the steady state requirement. Refer to Table A-1. The results show t hat
with a 10, 000-foot feeder cable I ength having five unit-loaded utilization
service assenblies with a total 500-anpere 0.8-power-factor |oad, no other
step | oads shoul d be applied. However, if three unit-|loaded utilization
service assenblies are on the cable feeder with a 300-anpere 0. 8-power-factor
| oad, than a 200-anpere 0.8-power-factor step |load can be applied through a
fourth utilization service assenbly on the sane feeder

4.3 Transient Effects. Transient runs were made with different initia

| oads and different passive-elenent step |loads to investigate the maxi num | oad
changes on the systemthat will not have adverse results on the systemor on
other loads with voltage regulation at the generator terminal. The system has
one utilization service assenbly with a 100-anpere 0. 8-power-factor | oad.

Step | oads of 100, 200, and 300 anperes are applied to bus 7. Figures A-13,
A-16, and A-31 through A-34 show the voltage results for step |oads.

Transi ent and steady-state requirenments are nmet when the design follows the
gui del i nes.
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4.4 Motor-Starting Effects. A series of runs was made to investigate
the maxi num | oad all owed on the feeder when the induction notor was started.
The characteristic of the induction notor is 250-anpere inrush at 0.26-power-
factor when starting. The tinme to start was a little over 100 m|liseconds.

Each series of runs has the steady state initial conditions as shown
on Figures A-35 through A-38. In each case, the step load is the induction
notor starting at bus 7.

4.5 Results. These figures indicate that the maxi mum | oads on the
systemare limted by the steady state voltage requirements. The figures
i ndi cate no transient voltage problens exist, but that the steady state
vol tages at the aircraft connector are well below the 113-volt m ni num
requirenents.

Transi ent voltages can be coupled to other feeder cables through the
transi ent and subtransient reactances of the generator. This transient
vol tage coupl ed between feeders is less than 4 percent with a 100-anpere, O. 8-
power-factor load and is linear for larger |loads. Therefore, the coupling
bet ween the feeder circuits should not have any adverse effects on the | oads
of other feeders on the system

When the voltage is regulated at the high side of the frequency
conversion assenbly transforner (4,160 volts), the voltage should remain

constant in the steady state condition. Only transient voltages will couple
to other feeder cable circuits.

A- 27
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Case Condition: Load change variations; aircraft cable effects not
analyzed. Parameters are 15,000-foot feeder cable length and 80-foot
service cable length.
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Figure A-27
100-Ampere Load Change - Case Cl

Case Condition: Load change variations; saircraft cable effects not
analyzed. Parameters are 15,000-foot feeder cable length and BO-foot
service cable length.
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Figure A-28
150-Ampere Load Change - Case C2
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Case Condition: Load change varfations; aircraft cable effects not
analyzed. Parameters ave 15,000-fooi feeder cable length and BO-foot
service cable length,
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Figure A-29
200-Ampere Load Change - Case C3

Case Condition: Load change variations; aircraft cable effects not
analyzed. Parsmeters are 15,000-foot feeder cable length and 80-foot
service cable length.

07 92

Figure a-30
250-Ampere Load Change - Gase G4
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Condition: Fixed cable lengths with initial and fixed stepped-load
variations. Parameters are 15,000-foot feeder cable lenmgth, 200-foot

service cable length, 40-foot aircraft cable length, and 100-ampere,
0.8~power-factor unit loads.

Figure A-31
Inicial One-Unic Losd Plus Stepped Two-Unit Load
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Condition: Fixed cable lengths with initial and fixed stepped-load
variations. FParsmeters are 15,000-foot feeder cable length, 200-foc

service cable length, 40-foot aircraft cable length, and 100~anpere,
0.8-power-factor unit loads. _
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Figure A-33

Initial Three-Unit Load Plus Stepped Two-Unit Load

Condition: Fixed csble lengths with initial and fixed stepped-load
variations. Parameters are 15,000-foot feeder cable length, 200-foot
service cable length, 40-foot aircraft cable length, and 100-ampere,
0.8-power-factor unit loads.
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Figure a-34
Initial Three-Unit Load Flus Stepped Three-Unit Load
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Condition: Fixed cable lengths with initial load variations and
fixed induction motor starting. Parameters are 15,000-foot feeder
cable length, 200-foot service-cable length, 40-foot aircraft cable

length, 100-ampere, 0.8-power-factor unit loads, and 250-ampere,
0.26-power~factor motor inrush.
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Figure A-35
Initial One-Unit load Plus Induction Motor Starting

Condition: Fixed cable lengths with initial load variations and
fixed induction motor starting. Paraneters are 15,000~foor feeder
cable length, 200-foot service cable length, 40-foot aircraft cable

length, 100-ampere, 0.B8-power—factor unit loads, and 250-ampere,
0.26-power~factor motor inrush.
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Figure A-36
Initial Two-unit Load Plus Induction-Motor Starting
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Condition: Fixed cable lengths with initial load variations and
fixed induction motor starting. Taraneters are 15,000-foot feeder
cable length, 200-foot service cable length, 40-foot sircraft cable

length, 100-ampere, 0.8-power—factor unit loads, and 250-ampere,
0.26—power-factor motor inrush.
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Figure A-37
Initial Three-unit Load Plus Induction-Motor Starting

"Condition: Fixed cable lengths with initial load variations and
fixed induction motor starting. Parameters are 15,000-foot feeder
cable length, 200-foot service cable length, 40-foot aircraft cable

length, 100-ampere, 0.8~power-factor unit loads, and 250-aumpere,
0.26power~factor motor inrush.
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-Figure A-38
Initial Four-Unit Load Plus Induction-Motor Scarting
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Section 5: USE OF 2,400-VOLT FEEDER CABLE

5.1 Advant ages. The use of a 2,400-volt system has no great advantage
over the use of a 4,160-volt system

5.2 Di sadvant ages. The di sadvant ages of the 2,400-volt system are

i ndicated by its decreased kVA capacity when conpared to that of the 4, 160-
volt system See Figure A-39 which is based on the inpedance val ues given in
Table A-6. The per-unit values of inpedance for the 4,160- and 2, 400-volt
feeder cables can be related to feeder cable |l ength. From such a

rel ationship, the per-unit values for the 2,400-volt feeder cable for a given
I ength are equal to the per-unit values of a 4,160-volt feeder cable three

times as long. Any cable paraneters selected will give the same relationship
= LI L 1 ¥ | L) ¥ L § T
REQULATION =13 PERCENT =~ 4180 VOLT |
. a= F400 YOLY
-
-

LOAD M KVA
LI

FEEDER CABLE 2

L 1 A 1 1 1 A
L] [] D [_] » »- » -

b

»
Y MAXBIM NUMBER OF 100-AMPERE LOADS

gt

8o

DISTANCE W FFET TIMES 1

Fi gure A-39
Conpari son of Feeder-Load Capacity at Different Voltage Levels
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Table A-6
Per-Unit | npedance Val ues Versus Feeder-Cable Lengths (1)
Feeder Cable Feeder Cable 4,160-Volt Cable 2,400- Vol t Cable
Length | npedance Per-Unit Value at Per-Unit Value at
Feet Chirs 312 kVA, 118 Volt 312 kVA, 118 Volt
1.n- 1.n-
1, 000 0.198 + j0.197 0. 00357 + j0.00355 0.0107 + j0.0107
5, 000 0.99 + j0.985 0.0178 + j0.0177 0.0536 + j0.0534
10, 000 1.980 + j1.907 0.0357 + j0.0355 0.107 + jO0.107
20, 000 3.96 + |3.94 0.0714 + j0.0710 0.214 + j0.213
30, 000 5.94 + j5.91 0. 107 + j0.106 0.322 + j0.32
40, 000 7.92 + j7.88 0. 143 + j0.142 0.429 + j0.427

(1) No. 2-AWG three-conductor cable has an inpedance of 0.198 + j0.197 ohns
per 1,000 feet
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Section 6: PASSI VE- ELEMENT FI LTERS

6.1 Requi rement. Passive-elenment filters are installed to reduce
equi prent - and system generated harnonics.

6.2 Harnmoni ¢ Distortion. Harmonic distortion is an undesired change in
a wave form Total harnonic distortion (THD) provides an indication of the
harmoni ¢ content of an alternating-current wave. It is expressed as a percent
of the fundamental or

THD = 100 (E/E)1/2

wher e,
E, = Sum of the squares of the anplitudes of all harnonics
E; = Square of the anplitude of the fundanenta
6.3 Equi pnrent Provi di ng Unacceptable THD. M L-STD 704 requires that the

THD of the wave form supplying the aircraft shall not exceed 5 percent. The
anal yses indicate that only nonlinear |oads, such as |arge Avionics Test

Equi prent (ATE) full-wave rectifier bridge |oads, provide distortion exceeding
the 5-percent limtation.

6.4 Harnoni ¢ Di stortion Reduction. Usually, filters of three elenments
or less can reduce the harnmonic distortion level to criteria limts when the
filters are located at or near the nonlinear |oads. Three filter sections
will usually reduce the distortion sufficiently. Mre filtering may further
reduce the distortion factor, but the reduction may not be cost-effective.

A three-section passive-elenent filter that has been used for this
purpose has the paraneters indicated in Figure A-40.

6.5 Resonant Frequency |npacts. For the filter on Figure A-40, voltage
will peak at frequencies where series resonance occurs. Danmagi ng voltage may
result when the resonant frequency is equal to or close to a harnonic
frequency. Therefore, when passive-elenent filters are introduced as part of
the system a thorough study nmust be made to ensure that resonant frequencies
of the passive-element filter do not fall on a harnmonic of the power frequency

that will be present in an anmplitude significant enough to produce a damagi ng
vol t age.
6.6 Resonant Frequency Analysis. The resonant frequenci es depend on the

connected system el enents and their values. A conputer analysis can be nade
to determne the effects of the inportant parameters, such as the foll ow ng:

a) The magnitude and power factor of the |oad,

b) The setting of the line drop conpensator

c) The inpedance of the utilization service assenbly transforner;
d) The ampunt of filter sections used;
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e) The location of the filter in the system
f) The effect of other utilization service assenbli es;
g) The length of the 4,160-volt feeder cable.

6.7 Exanpl e of a Resonant Frequency Analysis. Resonant frequencies and
the resulting THD were anal yzed for the two cases shown on Figure A-41. The

results of the computer study are given in Table A-7 which indicates that one
filter element reduces the system THD of Case 2, the two-rectifier |oad, from
5.4 percent to 3.5 percent. For Case 1, the one-rectifier |load, the reduction

still exceeds the 5 percent linitation and additional analyses nust be nade.
Table A-7
Resonant Frequenci es and Harnmoni c Vol t ages
Case Par al | el Series Par al | el Series
1 550 3, 200 3,720 3, 950
2 740 3, 050 3, 600 4,100
Har noni ¢ Vol t age Magni t udes
3 5 7 9 11 13 THD
Case First Filter Section Per-Unit Volts
1 0.70 0.84 1.60 0. 44 0.72 0.14
2 0.09 0.32 1.52 0.61 1.05 0.50
Condi tion Percent Volts
Unfiltered 0.2 5.0 2.0 0.1 0.5 0.2 5.4
Case - 1 0.14 4.2 3.2 0.04 0. 36 0.03 5.3
Case - 2 0.02 1.6 3.0 0. 06 0.53 0. 10 3.5
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Figure A-41
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Section 7: SURGE SUPPRESSI| ON

7.1 Surge Protection at the Medium Voltage Level. Surge arresters are
conmercially available for both 60- and 400-Hz voltages. The insulation
capability of the equi pnent nust be coordinated with the sparkover val ues of
the arresters.

Conventional silicon-carbide arresters have a spark gap in series
with the silicon-carbide blocks. Therefore, the application at 400 Hz shoul d
not be a problem since no current is conducted until the arrester sparks
over. The lowest rating available is 3 kilovolt, RM5, with a corresponding
swi t ching surge sparkover voltage of 8.25 kV, 1.95 per unit of rated arrester
crest voltage. The next higher rating is 4.5 KV RM5 with a sparkover voltage
of 12.4 kV (1.95 per unit).

Met al - oxi de arresters have simlar characteristics. The smallest
arrester has a rating of 2.7 kV RM5, and a protective level of 5.6 kV. A 4.5-
kV RMS rated arrester has a protective level of 9.2 kV. These arresters have
been tested for 60-Hz application. No tests have been performed, and no
information is avail able for 400-Hz application. For a 4,160-volt system the
nom nal |ine-ground peak voltage is 3.39 kV, and therefore, the arrester
sparkover voltage of 9.2 kV is 2.71 times the noni nal voltage.

7.2 Protection at the 120-Volt Level. The M L-SPEC-704 requirenent for
a 400-Hz systemlimts the maxi mum voltage to | ess than 180 volts RMS or 1.5
per unit of the nom nal 120-volt rating. As discussed previously, the
protective | evels of silicon-carbide or netal -oxide arresters on the 4, 160-
volt systens are significantly higher, and therefore, they could not limt
voltage to the 1.5 per-unit level as required. For this reason, 4,160-volt
surge protection shall not be used to protect the load circuits on the 120-
volt |evel

Protection of the 120-volt system can be acconplished with either
varistors or zener-type suppressors. The |lowest rating of varistors for
i ndustrial use is 130-volt RM5. Wth a 10-anpere current through the
varistor, a typical clanping voltage is 1.7 per unit of rated peak voltage.
The cl anmping voltage is the voltage where the Iimt occurs. For a varistor
rated 130 volts, the clanmping voltage is 312 volts. Criteria require that the
voltage is limted to 180 volts times the square root of 2 or 255 volts.
Varistors are not suited for this application since their clanping voltage is
312 volts.

The catal ogs for zener-type suppressors give limted information on
the capability of the devices. Only at the maxi numval ues of current is the
vol tage given, and that voltage is approximately 1.56 per unit of nom nal peak
vol tage. One nmanufacturer has indicated that at 10-anpere current, a clanping
vol tage of approximately 1.35 per unit of nominal peak voltage can be
acconpl i shed.
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Addi ng a zener-type suppressor can lint some of the transient
spi kes which exist on the 118-volt system Recordings of tests show that
spi kes of approximately 260- to 270-volt crest were recorded. These spikes
could be reduced by the use of zener-type suppressors.

These observed spikes of 1.55 to 1.62 per unit of system peak
vol t age pose no danger to the distribution equi pnent. Mst of the 118-volt
equi prent such as cables, rectifiers, etc., have an insulation capability of
at least 2.5 per unit. This applies simlarly to all the 4,160-volt
equi prent .

If the apparatus used in the 400-Hz systemis not able to w thstand
these 1.6-per-unit spikes, it is nore cost-effective to provide extra surge
protection at the ternmnals of the apparatus than it is to add surge
suppressors at all utilization service assenblies. Wth zener-type
suppressors, the voltage could be clanped to approximately 1.38 per unit.
Slightly higher voltages could be expected if the discharge current is above
10 anperes. This assunmes that all the zener-type suppressors have the sane
cl anpi ng voltages. Usually the tol erances are between 5 and 15 percent. |If a
15-percent tol erance increases the clanmp voltage to 1.58 per unit, then the
zener-type suppressors are not effective in linmting spikes with a nagnitude
of 1.6 per unit.

For this reason, varistors shall not be used to linit the voltage
for protection at the 120-volt level. For 400-Hz equi prrent which is sensitive
to voltage spi kes of approximately 1.5 tinmes nornal voltage, zener-type
suppressors (with very |low tol erance) shall be installed on the term nals of
t hat equi prent .
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Section 8: RELIABILITY AND AVAI LABI LI TY OF 400- HERTZ SYSTEMS

8.1 Requi rement. The continuous operation of |oads served by the 400-Hz
generation systemis essenti al

8.2 Di scussion. The coupling effect between feeder cables will be
reduced by a factor of two when two generators are operating in parallel. The

ef fective inpedance that couples the transient voltage between feeders cones
from each operating generator's transient reactance and the inpedance of each
generator's step-up transforner. Wen a transient occurs, the change in

vol tage at the generator transfornmer's 4,160-volt side is coupled to al

feeder cables. For one generator in operation, the percent voltage coupling
to feeder cables is less than 4 percent for a 100-anpere |load transient. \Wen
two generators are operating, the percent-voltage coupling is |less than 2
percent for the sane |oad transient.

8.3 Central Plant Design. Centralized 400-Hz power systens shall be
designed for parallel operation of all generators with automatic startup of
each generator as the |oad increases enough to demand it. Such operation
provides increased reliability and availability of 400-Hz power over that of a
system whi ch dedi cates one generator to a feeder

8.4 Distribution System Design. Frequent switching of many | arge power
| oads causes transient voltage oscillations. Gscillations nmust be linmited to
M L- STD- 704 requirements. The distribution system nmust al so be designed to
carry each feeder cable's demand | oad wi thout exceedi ng steady state
requirenents.
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APPENDI X B
ANALYSI S OF 400- HERTZ
LOW VOLTAGE DI STRI BUTI ON SYSTEM

Section 1: VOLTAGE DROP CALCULATI ONS

1.1 General. This section is devoted to determnining voltage drops for
400-Hz | ow voltage distribution systens. The circuit diagram and fornul as
presented in Figure B-1 will be used in this section for determ ning system

vol t age drops.

Figure B-2 illustrates a typical 400-Hz distribution system which
will be used as the bases for determi ning the appropriate size of |ow voltage
feeder and frequency converter

A simplified block diagramwith the equi pment and cabl e paraneters
are presented in Figure B-3 for the system shown in Figure B-2. Figures B-4
and B-5 illustrate the cal cul ati ons based on the paranmeters given in Figure B-
3.

Tables B-1 through B-12 are reprinted from "Actual Specifying
Engi neer," February 1972. These tables give the effective A C. resistance and
i nduct ance val ues for both copper and al um num conductors for various
i nsul ati ons and routing nedi ans.
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£} oad

Eq — Source Voltoge=208Y/120

E ooq— Lood Voltage

fL - Line Current

Z, - Line Impedence=R,.+jwl

R, — Alternating Current Resistonce
L - Inductonce

w - Anguler Frequency=2 x 3.14 x frequency
SIMPLIFIED CIRCUIT DIAGRAM

FORMULAS
ES =[L ZL +ELoud

B oad=Es — 1L

Line—to—Neutral Voltage Drop= |E5|-]EL;ud[-=l 2
Line—to—Line Voltoge Drop=ﬁ(]ES|-—|ELond |) =3 I |le

NOTE: FORMULAS USING PER UNIT QUANTITIES ARE ALSO
ACCEPTABLE PROVIDED ALL INFORMATION IS INCLUDED
IN THE CALCULATIONS.

Figure B-1
Simplified Circuit Diagram and Formulas
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Figure B-2
Typical 400-Hz Low-Voltage Distribution System
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AIRCRAFT

M- | gy

BLOCK DIAGRAM

EQUIPMENT

@ Frequency Conversion Assembly
(FCA)

@Fixed Service Point Unit (FSPU) w/
Bregker and Power Monitor

CABLE

(R) 400-Hertz, Low—Voltage Feeder
(A=140 #.

(B) 400-Hertz, Low—Voltoge Feeder

- EB=C=190 1

400-Hertz, Aircraft Service Cable,
Maoximum Length=60 Feet, except
as approved by NAVFACENGCOM

LOAD CALCULATIONS

Assume Aircroft Connected Load=10kVA
Note: Reference Toble 1 for olrcroft
lood data

Demond @ SO% per Table 2
Demond=10kVA x 12 x .S0=80kVA

Therefore minimum sicc of frequency
conversion ovsemblymB0 kVA

CABLE CALCULATIONS

Assumptions:
Service Cable—1/0 Copper, 3~Conductor
~Type THHN Insulotion
—Routing Medion—Air
Feeder Caoble
Case No. 1—4/0 Coepper, 1—-Conductor
Cabie
~Typa THHN Insulation
—Routing Medion-Aluminum
Conduit
Coae No. 2—4/0 Copper. 3—Conductor
Cable
=Type THHN Insulotion
—Routing Medion—Aluminum
Conduit
3~#1 Copper, 1—Conductior
Cable, Parallel Feed
-Type THHN Insulation
—Routing Medion-Aluminum
Conduit
Case No. 4—#1 Copper, 3—Conductor
Cable, Pgroliel Feed
—Type THHN insulation
—Routing Medion=Aluminum
Conduit

Caose No.

Figure B-3
Typical 400-Hz Low-Voltage System
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MINIMUM VOLTAGE REQUIRED AT AIRCRAFT = 113 VOLTS
THERFORE MAXIMUM VOLTAGE DROP ALLOWED = 120 — 113 = 7 VOLTS

SERVICE CABLE : LOAD = 1DkVA
I, = 27.8 AMP
Rogc= 135.73 micoohms/f. x BD ft. = B143.8 microohms
L = 0.07359 rmicrohenries/ft. x 60 ft. = 4.4 microhenries
Z, = 8143.8 microohms + j (2512){(4.4 microhenries)
Z_ = .008t chms + j .0111 ohms

7| = 0137
Voltage Drop (W) = 27.8 {.0137) = .38 Voits
FEEDER CABLE : '
CASE No. 1
CABLE LENGTH| LOAD | 1) (AMP) Rge L il | w
(1t.) |{kvA) L (mieroohms) |(micro H) (alnth) {volts)
FSPU#t To FSPU$2 [ 190 20 | $5.5 18121.5 18.4 |.0400 | 2.72
FSPU#2 To FSPUg3| 180 40 | M0 161215 184 |{.0490 | 5.44
FSPU#3 To FCA | 140 60 | 166.5 11879.0 139 |.0389 | 6.14
Totol Voltage Drop = .38 + 2.72 + 544 + 6,14 = 14.68 volts
CASE No. 2
CABLE LENGTH| LOAD { I| (AMP) Rae L [ze| | wo
(L) | (kvA) {microohms) [{micro H)|(ohms)|{voits)
FSPU#1 To FSPU#2{ 190 20 | 555 16132.9 133 |.0371 ] 206
FSPU#2 To FSPU¥3| 190 40 | 1m0 16132.9 133 |.0371 | 442
FSPU#3 To FCA | 140 B0 | 166.5 11887.4 9.8 |.0273| 455
Totol Voltage Drop = .38 + 2.06 + 412 + 455 = 11.11 vots
CASE No. 3
CABLE LENGTH| LOAD | 1, (AMP) c izl | vo
{ft.) [(kVA) (microohms) |{micro H)|(ohms)|{valts)
FSPUA To FSPU§2 | 190 20 | 27.8 31285.4 200 [.0592 | 1.53
FSPU$2 To FSPUE3| 190 40 | 555 31285.4 200 |.0592 | 3.29
FSPUE3 To FCA | 140 B0 | 833 23052.4 148 [.0437 | 3.64

Total voitage Drop = 38 + 1.53 4+ 3.29 + J.64 = B.B4 voitn

Figure B-4
400-Hz Voltage Drop Calculations
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FEEDER CABLE CONTINUED:

CASE No. 4

CABLE LENGTH| LOAD | i} (AMP) Rac L |z} | w
(ft) | {kvA) (microohms) |(micre H)|{chms)|(voits)

FSPU#1 To FSPU#2 | 180 20 27.8 31289.2 143 [.0476 | 1.32
FSPU§2 To FSPU#3 | 180 40 855 . 31289.2 143 |.0476 | 264
FSPU#S To FCA 140 60 B83.3 23055.2 105 |.0350 ] 2.92

Total Voltage Drop = 3B + 1.32 + 264 + 292 = 7.26 volts
A voltage drop of 7.26 volts it on occeptoble value. Therefora the

use of a parollel set of three (3} conductor #1 cable will suffice
for this example,

Figure B-5
400-Hz Voltage Drop Calculations (Continued)
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